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Primate Retina, multiple antibodies

Vertical section of primate retina, close to the fovea showing the layers of the retina stained with a total of nine antibodies. Antibodies: Photoreceptors, goat Cone arrestin (green), rabbit blue cone opsin (blue, blue cone outer segments), mouse KV2.1 (red, rod and cone inner segments); OPL, guinea pig vGlut1 (cyan, cone pedicles and rod spherules), rabbit mGluR6 (blue); INL, goat calretinin (green, AII amacrine cells); IPL, rabbit tyrosine hydroxylase (blue, dopaminergic amacrine cells), mouse Cx36 (red, gap junction protein), guinea pig vGlut1 (cyan, bipolar terminals); Ganglion Cell Layer, guinea pig RBPMS (cyan, ganglion cell marker, faint). Tissue was freshly fixed in 4% formaldehyde for 30 minutes, washed several times in phosphate buffer, blocked in 3% donkey serum and embedded in low melting point agar to cut vibratome sections. The sections were incubated overnight with all nine antibodies simultaneously, then washed and incubated with donkey secondary antibodies (donkey anti-mouse/Cy-3 (red), donkey anti-rabbit/Alexa 647 (blue), donkey anti-goat/Alexa 488 (green) and donkey anti guinea pig/Alexa 405 (cyan) Jackson Immunoresearch, West Grove, PA), 400:1, from several hours to overnight. The sections were washed and mounted in Vectashield for confocal microscopy (Zeiss, LSM 800). Antibodies from 4 species (mouse, rabbit, goat and guinea pig) were used to produce different colors and some antibodies were stained the same color, but separated spatially, e.g. rabbit blue cone opsin for blue cone outer segments, rabbit mGluR6 restricted to the OPL, and rabbit tyrosine hydroxylase, specific for dopaminergic amacrine cells in the INL/IPL. The section was taken just superior to the fovea, as shown by the cross-section appearance of cone axons as dots (Keung and Massey, 2020, unpublished).
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This review is a memoir by Dr. Stephen C. Massey’s longtime collaborator, Dr. Stephen L. Mills, and written, for the most part, in the first person. It also serves as an introduction to the virtual festschrift to celebrate Dr. Massey’s retirement. and. The references cited here are only a few of the highlights of Dr. Massey’s distinguished career. A complete list is found here: https://pubmed.ncbi.nlm.nih.gov/?term=massey+sc+%28retina+or+photoreceptors%29&sort=date.




Keywords: acetylcholine, glutamate, direction selectivity, gap junctions, cyclic GMP, rods, cones, retina




Introduction

This is a remarkable time to study the vertebrate retina, either as a model for the brain or to understand the first steps in vison. We have known about the diversity of retinal neurons and glia for more than one hundred years, and we are now extending these findings and making new discoveries about retinal cell types by analyzing gene expression in single cells. We have made significant progress toward our ultimate goals of describing the neural circuits in the retinas at the level of connections between identified populations of neurons and understanding neuronal and glial cell function at the molecular level. Our colleague at the McGovern Medical School in Houston, Steve Massey, has made many important contributions to this field, both as a researcher and as a mentor, and this Special Topic in Frontiers in Ophthalmology is dedicated to him.



The eighties

Steve Massey began his scientific career in pharmacology with Mike Neal at the University of London School of Pharmacy and received his Ph.D. in 1974. They developed an in vivo in eyecup preparation to study the release of neurotransmitters from from the rabbit retina and used it for the first study of acetylcholine release in response to light stimulation, among other topics (1). Steve then refined these techniques as a postdoctoral fellow with Dianna Redburn (now Johnson) at the University of Texas Health Science Center at Houston, resulting in several seminal papers on the topic (2). I (SLM) would say that Steve’s first major research focus was the study of release and effects of acetylcholine, having written nineteen papers on the subject.

Steve next took a postdoctoral position with Bob Miller at Washington University in Saint Louis, an outstanding lab that had just seen the discovery of the APB receptor by Malcolm Slaughter and Miller. Nigel Daw, Stuart Mangel and Stewart Bloomfield were also working there, among others. Here Steve learned single cell recording, producing several nice papers examining the actions of excitatory amino acids on ganglion cells in the rabbit retina (3). Of course, he later moved on to become a distinguished microscopist at the forefront of exploiting the capabilities of the confocal microscope. Figure 1 is a montage of his cover illustrations. When I was asked in 1998 to nominate Steve for the next co-chair of the biannual FASEB Summer Conference on Retinal Neurobiology and Visual Processing, he was already well published in pharmacology, physiology, and anatomy. He was awarded the Boycott Prize for achievement in retinal neuroscience at that meeting in 2012.




Figure 1 | This is a montage of the journal covers that featured images from Steve Massey’s work over the years.



I first met Steve Massey in 1986, when he returned to Houston to (successfully) interview for an open position at what was then called the Sensory Sciences Center at the University of Texas Health Science Center at Houston (now UTHealth). A recent Ph.D., I was studying color vision psychophysics and beginning to cast about for the next step. Not long after, I was approached by Robert Marc to gauge my interest in doing some work in a funded collaboration with him and Steve, to which I enthusiastically agreed.

Thus began a collaboration that lasted until my retirement in 2020, resulting in 25 papers of which we were joint authors. One of Steve’s abiding interests is in mechanisms of directional selectivity. During his postdoctoral work with Bob Miller, Steve learned the classic tungsten electrode recording techniques of Horace Barlow, Bill Levick, Nigel Daw and others. I initially expected to do this style of blind electrode recording, but he assigned that task to another postdoctoral fellow, Christopher Kittila, with whom he published some nice pharmacological studies on direction selective ganglion cells (4). I was assigned the task of staining starburst amacrine cells targeted with the blue fluorescent dye DAPI and filled with the fluorescent tracer Lucifer Yellow in lightly fixed tissue (5). Initial success was limited, however, and after a few months we switched to live tissue continuously perfused with oxygenated Ames solution. Immediate improvement led to many years of fruitful study.



The nineties

Much of our joint direction in the 1990s followed from a serendipitous finding one day after the previous day’s intraocular injection of DAPI had resulted in no staining. To rescue the tissue, we incubated the isolated retina in DAPI. After a while some staining appeared and I injected those somas. To our surprise, the stained cells turned out to be not starburst, but AII amacrine cells, which led to the first paper published describing the morphology and distribution of these critical interneurons in rabbit retina (6). We noticed, however, that some other types of somas were also stained, which proved to be A- and B-type horizontal cells and OFF bipolar cells. This of course led to papers describing each of these types. Brian Boycott paid us a couple of visits with his rabbit Golgi slides and was very helpful to us in characterizing the three OFF cone bipolar cell types that we had stained. This period was when I first realized that there was no lab work that Steve Massey loved more than poring over stained retinal neurons in the microscope (to the occasional detriment of the fluorescent samples). Those were exciting times, at the end of a day examining new types of cells as well as staining others previously seen only in Golgi preparations.

About this time, Steve came back from a conference in Australia excited by results shown by Jan de Vente in which increased cGMP stimulation was visualized by an antibody to cGMP that he had developed. We obtained the de Vente antibody, which indicated an increase in cGMP in bipolar cells with appropriate stimulation. We wondered if some modulation of the gap junctional communication between AII amacrine cells and ON cone bipolar cells could be found by application of cGMP modulating drugs. David Vaney and colleagues had recently shown that injection of biocytin into AII amacrine cells could stain not only the injected cell, but also the proximal network of AII and ON cone bipolar cells. They had also demonstrated that dopaminergic stimulation could modulate the AII-AII coupling.

While finishing up another project, I had a go at this idea using the nitric oxide releaser sodium nitroprusside and cGMP analogs as well as the cAMP and dopamine analogs. I had also been investigating on the side to what extent Lucifer Yellow analogs of different sizes diffused through A-type horizontal cell gap junctions. Now that Vaney had discovered the wonderfully successful method of staining electrically-coupled cells with the biocytin-gap junction method, I compared the staining of Neurobiotin (a positively charged analog of biocytin) with a larger relative called biotin-X cadaverine. David Marshak had asked me to present a seminar to his department at this time. Steve had been away for a while and had come back just in time for my presentation. There for the first time he heard the success of his cGMP ideas and the new size-selectivity data. Excitedly, he took the Molecular Probes catalog home to peruse and by the next morning had identified a series of probes for analyzing these interactions. (We had a few synthesized to round out the series.) Thus was laid the groundwork for a paper in Nature that described the cGMP sensitivity of AII amacrine cell/ON cone bipolar cell gap junctions and the implication that multiple connexins might be involved due to size selectivity differences (7). This all occurred not long after nitric oxide was named “Molecule of the Year” in Science magazine. It also led a paper in Journal of Neuroscience using the size series to compare differential gap junctional permeability in the two horizontal cell types and AII and ON cone bipolar cells.

It was about this point, shortly after the Nature paper, that the interdepartmental Vision group at UT-Houston acquired a confocal microscope through a NIH core grant. The core group leader was Dianna Johnson, who had served as Steve’s postdoctoral mentor in the early 1980s. By chance one evening, I was the first person in our group to examine data on the confocal - the staining was in rabbit tissue and produced by an antibody to the glutamate transporter GLT-1. This was a preparation where the total staining resulting from different sources of GLT-1 creates a background sufficiently intense that no single cell was able to be properly observed on a conventional fluorescent microscope. On the confocal, however, a distinct population of one bipolar cell type was clearly evident (among other cell types). My first thought on seeing this result was prophetic, i.e., when Steve Massey sees this, we will never be able to tear him away from the confocal microscope. Steve quickly developed a skill for finely adjusting the several parameters for obtaining outstanding images, which was further enhanced in immunolabeled tissue with a penchant for searching for particularly revealing and aesthetically pleasing locations in the tissue.



The aughts

Around this time, Steve undertook his last experiment on acetylcholine release from the rabbit retina. Sally Firth, a postdoctoral fellow from Australia, had joined David Marshak’s laboratory to study the role of dopamine in the etiology of myopia. Because exposure to bright sunlight and dopamine both seemed to prevent the development of myopia, she wanted to be the first to describe the release of dopamine from a mammalian retina in response to a wide range of light intensities. But first Sally needed to learn how to prepare the rabbit retina from Steve, and they decided to use the highly selective agonists and antagonists that had been developed recently to characterize the glutamate receptors of cholinergic neurons. They showed that these were AMPA receptors, whose rapid desensitization kinetics enhance the sensitivity of cholinergic neurons to moving and other rapidly changing stimuli (8). In addition to teaching Sally his technique, Steve also contributed some intracellularly-injected cholinergic amacrine cells and identified the receptor subunits that they expressed by confocal microscopy. Soon afterwards, Sally was able to do the experiments that she had planned. With help from David Marshak, Margaret Rice, Laura Frishman and myself, she showed that dopamine release increased monotonically with light intensity, a phenomenon that we now know is mediated by intrinsically-photosensitive retinal ganglion cells.

By this point, Steve’s interest in gap junctions had developed into a major focus, and I was an independent faculty member. In conjunction with John O’Brien, who was the first to identify what is now the connexin36 family and had joined our group, we identified the major patterns of Cx36 staining in the rabbit retina (9). This was excellent work done primarily by a M.D./Ph.D. student in the Massey lab, Jennifer J. O’Brien, who also showed with Steve and John O’Brien that A-type horizontal cells in the rabbit retina used Cx50 for their gap junctions (10). Steve’s and my interests began to diverge somewhat as I continued my interest in characterizing retinal cell types.

Steve was fortunate at this time in taking on a new graduate student named Wei Li, now at NIH and whose indefatigable efforts stimulated that lab broadly over the time he was there. Wei was one of those individuals with a talent for making experiments work – not only his, but catalytically across the lab. Brady Trexler, a talented postdoctoral fellow who had trained in gap junctional recording at Albert Einstein College of Medicine also joined Steve’s lab. This group produced a number of fine papers performing close analysis of retinal circuitry contacts at the confocal level, often involving gap junctions. Over this period, Steve created a number of analytic procedures for quantifying the extent of relationships between processes viewed at the confocal level, such as comparing number of contacts between cell processes when viewed in the proper orientation versus when the channel of one marker has been rotated, thus establishing the chance contact baseline.

One surprising and gratifying result came to us via Hideo Hoshi, an excellent postdoctoral fellow in my lab. After Roska and Werblin (11), we had rediscovered the bistratified diving ganglion cell of the rabbit retina, a purely ON-type cell physiologically, which left us puzzled as to the function of the OFF arbor. Steve and Hideo both often worked evening hours in the confocal room on separate projects and began to recognize in Hideo’s images a heretofore-unknown pathway whereby the OFF dendrites of these cells received en passant gap junctional input from ON bipolar cell axons as they descended through the OFF sublamina, a pattern of bipolar cell contacts we also found on dopaminergic amacrine cells and some ipRGCs (12). David Berson’s lab simultaneously and independently discovered the same phenomenon in mouse retina (13).



The twenty tens and twenties

Steve had never lost interest in direction selective retinal ganglion cells, and he collaborated with David Marshak again to search for their homologs in primate retinas. The neuropeptide CART had been localized in direction-selective retinal ganglion cells of mice, and so they used antibodies to CART to label baboon retinas. Instead of retinal ganglion cells, they labeled amacrine cells in the primary rod pathway, cells that Steve had studied earlier in the rabbit retina. Steve and Chris Whitaker also contributed intracellularly injected amacrine cells, which made it possible to see individual cells rather than a network of labeled dendrites (14).

In recent years, Steve has undertaken fruitful collaborations with colleagues Christophe Ribelayga, and Chai-An Mao. Steve and Christophe and other essential contributors have recently resolved a number of long-standing mysteries about the nature of rod-cone communication and how it evolves in the 3 rod pathways. This has resulted in a series of superb papers. In collaboration with Christophe Ribelayga and Nange Jin from the Ribelayga lab, David Marshak and others, transgenic mice were used to perform genetic manipulation of rod/cone coupling, thereby revealing the relative contributions of the three rod pathways to the retinal output to an unprecedented degree (15). This study included ultrastructural evidence for these findings that further established that rod-cone coupling mediated by Cx36 is the dominant pathway in the mouse retina, with rod-rod and cone-cone gap junctions being relatively minor or absent. In another study, Cx36-mediated coupling present between rods and cones and their relative contributions to the three rod pathways was delicately teased out using connexin 36 knockout mouse models (16).

In related work, another paper established the anatomical substrates of the tertiary rod to OFF cone bipolar cell pathway in the rabbit retina (17). Jin, Massey, and Ribelayga also contributed to a paper establishing the relative roles of the primary and secondary pathways in mouse in driving non-image forming behaviors in the mouse (18). Finally, using both confocal microscopy and ultrastructural analysis of the outer plexiform layer, the Massey lab and collaborators from the Catherine Morgans, Josh Singer, and Wei Li labs further established the dominance of rod-cone coupling in the mouse retina, including estimates of number of active connexins, their conductance, and the effects of dopamine in modulating this pathway (19). Together, these recent articles are a magnificent coda to a decades-long interest in establishing the role of gap junctions of photoreceptors in the transmission on the visual signal via its various pathways and complement earlier work on Cx36 in AII amacrine cells in the primary pathway.

In addition to his primary research, Steve has provided seminal leadership to the local and national scientific communities in many ways. In 1996, he was chosen to head the UT Houston Vision Research Consortium, as part of a reorganization of the major emphasis on vision research at our institution, as well as other local institutions. In this role, he led efforts that resulted in substantial research funding, serving as PI on an NIH Vision Core Grant, which he maintained for 30 years, and on a long-standing NIH training grant shared with the University of Houston College of Optometry. He was also pivotal in obtaining institutional support from private funding groups, including Research to Prevent Blindness and a strong group of local donors. Additionally, he was organizer of the FASEB meeting on retinal circuitry in 2002, served on several ARVO organizing committees and was a NEI grant reviewer for many years, as a permanent member in addition to a great number of ad hoc stints.



Conclusion

Steve Massey began as a pharmacologist, then trained as an electrophysiologist, and later became an extraordinary neuroanatomist. He continually learned new techniques and then refined them, never losing sight of the fundamental questions. This approach enabled him to make important contributions to visual neuroscience throughout his career.
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Glutamate is an important amino acid, metabolite and excitatory neurotransmitter, which is found in its free form in the extracellular spaces of the central nervous system (CNS). More than half of all synapses in CNS release glutamate. It is the main neurotransmitter driving the light responses in the retina. All types of photoreceptors, bipolar, ganglion and one type of glycinergic amacrine cells express specific subtypes of vesicular glutamate transporters and are the main source of endogenous glutamate in retina, besides Müller glia that are responsible for glutamate homeostasis, release and reuptake. Reduced or excessive extracellular glutamate was detected in the synaptic clefts of several naturally occurring or transgenic eye disease models, in which network rewiring and altered functions were observed. These led to the hypothesis that glutamate is one of the extrinsic signals for visual pathway development. This minireview examines experimental evidences supporting, or refuting, the influence of glutamate on prenatal and postnatal retinal development.




Keywords: retina, glutamate, development, synapse, extrinsic, neurogenesis, synapse formation



Glutamate: A key metabolite and a neurotransmitter

L-glutamate is one of the 20 ubiquitous amino acids and the metabolic precursor of inhibitory neurotransmitter γ-amino butyric acid (GABA). Glutamate oxidation stimulates insulin secretion by pancreatic β-cells; it is an essential Kreb’s cycle metabolite, required to produce NADH inside mitochondria (1). Most importantly, glutamate is a neurotransmitter in the CNS, and serves as an extrinsic signal in neural development. Glutamate does not cross blood-brain barrier. Endogenous glutamate is produced from glutamine inside glutamatergic cells and released by vesicular glutamate transporters (VGLUT1-3) mediated exocytosis (2). Glial cells actively uptake extracellular glutamate using excitatory amino acid transporters (Glia specific EAAT1/GLAST, neuron specific EAAT2-5) (3). The glutamate concentration is 10,000–12,000 μM/L inside neurons, but 0.5–2 μM/L in the extracellular fluids. EAATs help to maintain this gradient. Glutamate activates its postsynaptic and extrasynaptic receptors upon release into the synaptic cleft (4). AMPA (GluA1-4), KA (GluK1-5), NMDA (GluN1, GluN2A-D) and Delta (GluD1-2) ionotropic glutamate receptors (iGluRs) vary in their sensitivity to agonists, antagonists, biophysical properties and distribution pattern. AMPA/KA iGluRs mediate fast excitatory neurotransmission, with characteristic rise time below 1 ms and deactivation kinetics varying widely depending on subunit composition. NMDA iGluRs are slower, require glycine as co-agonist and removal of Mg2+ block for activation. Metabotropic glutamate receptors (mGluR Groups I-III) modulate the excitability of neurons via excitatory Gs/Gq (group I) or inhibitory Gi/Go (Group II-III) signaling pathways.



Glutamate in retinal circuitry

Vision is culturally and socially the most used, and hence most important of all animal senses (5). Retina is the first neural tissue in the visual pathway to sequester light, translate it into a change in membrane potential and transmit it to the synapses (6). There are three parallel image processing circuits in the retina that are driven by cones, with rods playing modulatory roles. They are object contours, color vision and motion detection circuits. Rods are monochromatic, 100 times more sensitive than polychromatic cones and drive night vision (Figure 1A) (9). These photoreceptors (PRs) form the outermost neural layer (ONL). Melanopsin containing intrinsically photosensitive retinal ganglion cells (mipRGCs) drive the blinking and pupillary light reflexes, photoentrainment of the circadian clock and encode the senses of ambient lighting condition (10). Glutamate drives PRs -> bipolars (BPs) -> RGCs neurotransmission. ON BPs express group III mGluR6 and horizontal cells (HCs) express iGluRs at the PRs ribbon synapses in the outer plexiform layer (OPL). OFF BPs form conventional synapses with PRs and express iGluRs. RGCs and ACs use iGluRs to receive glutamatergic inputs at ribbon dyads formed with BPs in the inner plexiform layer (IPL, 11). Light responses are fine-tuned by pre and postsynaptic mGluRs, mipRGCs and VGLUT3/glycine positive amacrine cells (ACs, 12–14). GABAergic HCs and GABAergic/glycinergic ACs reside in the inner nuclear layer (INL) and ganglion cell layer (GCL) and shape the temporal aspects of glutamatergic excitation. Gap junctions between retinal cells help in synchronizing the signals and lowering noise (15). RGCs relay the retinal output to lateral geniculate nucleus (LGN), suprachiasmatic nucleus (SCN), olivary pretectum (OP) and superior colliculus (SC). LGN relays visual information to striate cortex, SCN drives circadian rhythm, OP controls pupillary light reflex and SC controls eye movements required for focusing. Retina expresses VGLUTs in a complementary fashion. RGCs, Müller cell endfeets and some ACs and HCs express VGLUT2. PRs and BPs exclusively use VGLUT1, with the exception of a minority of cones that express VGLUT2 alongside VGLUT1 (16). VGLUT3 is expressed by a subtype of glycinergic ACs. Glutamatergic neurons in LGN, SCN, OP and SC express VGLUT2. Visual cortical areas use predominantly VGLUT1, except for VGLUT2 expressing layer 4 neurons, VGLUT3 expressing astrocytes and a sparse population of VGLUT3 neurons.




Figure 1 | (A). Schematic view of mammalian retina. Displaced RGCs, ACs and intra retinal blood vessels are not shown (7). (B). Timeline of birth of retinal cells (C). GABAergic ACs are born earlier than glycinergic ACs. Cone BPs are born before rod BPs. (B, C) are from Cepko, 2014 (8).





Extracellular glutamate in eye diseases

At higher extracellular concentration glutamate is neurotoxic; excitotoxicity happens due to impairment in glutamate uptake by EAATs or blockade of metabolic pathways involving glutamate (17). Reduced synaptic glutamate, observed in retinitis pigmentosa and macular degeneration, is caused by mutations in one or multiple genes including iGluRs, mGluRs, exocytosis machinery, voltage gated and TRP channels, retinal pigment epithelium (RPE) and phototransduction related genes (18). Impaired glutamatergic neurotransmission impacts outer retinal lamination and initiates PR death. Moderate to dramatic changes are noticed in glutamate hyperexcitability conditions like ischemia, glaucoma, hyperglycemia induced diabetic retinopathy, migraine, schizophrenia, mood disorders, pathological pain, epilepsy, cerebellar ataxias, amyotrophic lateral sclerosis, Alzheimer’s and Huntington’s diseases (17, 19). In most of these diseases glutamate excitotoxicity initiates RGC death. In the retina of Alzheimer’s disease mice models, hyperexcitability was reported in early developmental stages, indicating early sign of pathogenesis.



Development of the retina

Eye development in vertebrates follows a common theme across species. Optic vesicles of future eyes evaginate out bilaterally from diencephalon to form the optic cups. RPE and neural retina (NR) are generated from the outer and inner neural layers of optic cups. Cascades of mitotic cell division form clones of retinal progenitor cells (RPCs) competent to become a specific cell type at a given time during development. Early stages of development predominantly depend on extrinsic signals and switch to intrinsic during cell cycle exit (20). Intrinsic signals are typically transcription factors, protein inhibitors and microRNAs; extrinsic signals include neurotransmitters, growth factors and diffusible molecules (8, 20, 21). Extrinsic factors signal end of proliferation by transcriptional reduction of mitogens. There seems to be a predetermined probability of a constant percentage of RPCs to timely exit cell cycle at every phase of neurogenesis. Post-mitotic cells may become insensitive to the extrinsic signals as differentiation is guided by transcriptional auto-activation of cell specific markers. Differentiating cells secrete factors that prohibit more multipotent RPCs from exiting cell cycle, thereby controlling their own density. These processes ensure sequential birth of seven retinal cell types. RGCs are the first cells to be born, followed by HCs, cones, ACs, rods, BPs and Müller glia (Figure 1B) (8). Neurogenesis is followed by migration in the apico-basal space (apical: close to RPE, basal: close to posterior ciliary artery) to achieve correct mosaic and lamination pattern. Final stage of retinal development involves synapse formation and pruning, until each cell type achieves adult like morphology, stratification pattern and functional synapses. Synaptic partners are brought together by cell adhesion molecules and extracellular matrix proteins. Neurons with no functional synapses undergo programmed cell death.



Glutamate in prenatal retinal development

Earliest works on the role of glutamate in retinal development concentrated on detecting glutamate in developing retina and evaluating effects of glutamate agonists and antagonists (22). Extracellular glutamate concentration is very high in prenatal retina, dropping abruptly at birth. Exogenous kainate acts as a trophic factor at low concentration and promotes HCs neurite sprouting into INL; higher concentration causes ablation of HCs in adult and developing rodent retina (23, 24). At P1, exogenous KCl causes nearly 2-fold increase in extracellular glutamate. This is even before glutamatergic synapses formed in OPL (P2-P5) and IPL (P6-P8) suggesting presence of extrasynaptic glutamate release mechanisms in the embryonic retina (25). VGLUT2 is detected in CNS beyond E9.5 and is critically required for prenatal development. Embryonic VGLUT1 transcripts were detected nowhere except olfactory cortex (26). The developmental role of PRs specific splice variant VGLUT1v is yet to be determined (27). Although VGLUT3 expression is limited to a subset of ACs in the retina, it is the primary VGLUT in inner ear. VGLUT3 expression is seen at E18 and beyond in CNS. Whether VGLUT2 or another VGLUT transiently expresses in embryonic RPCs and their expression switches at birth, similar to developmental switch from VGLUT2/VGLUT3 to VGLUT1 in the pyramidal cells of cerebellum, is not known.

iGluRs and mGluRs express at E14.5 and beyond; neuron-specific EAAT2 and EAAT3 express E14 onwards (28). Embryonic AMPA/KA receptors mediate exit from cell cycle by activating cyclin dependent kinase2 (cdk) inhibitor pathway; in contrast, mGluRs support proliferation. NMDA receptors mediate the neurotoxic effects of glutamate in visual pathways and cerebellum. In the developing chick retina NMDA receptors mediate choice between neuroprotection and programmed cell death by switching phosphorylation state of CREB protein (Figure 2) (29). In ischemia EAATs dependent release of glutamate into the extracellular space causes NMDA receptor mediated apoptosis. Taken together, EAAT2-3, iGluRs and mGluRs drive prenatal glutamatergic extrinsic signaling that influence choice between proliferation vs. differentiation and cell survival vs. programmed cell death.




Figure 2 | Extrinsic signaling involving dopamine, glutamate, EAATs and NMDA iGluRs. CREB is activated by NMDA and NO dependent cGMP/PKG pathway and affects neuronal proliferation and survival choices in chick retina (29).



RGCs axons project to LGN, SCN, OP and SC prenatally. Glutamate’s role in RGC axon guidance is not yet understood. A recent study reports that postsynaptic axon guidance effector abl2 kinase reduces iGluR currents. Abl2 knockdown causes dynamic reduction in the number of distal excitatory synapses in hippocampal cell cultures (30). Similar study has not been done in the retina. Number of axon projections to SC is altered in acetylcholine receptor beta2 knockout, presumably by tip-over glutamatergic excitation (31). This claim needs to be further validated.



Glutamate in postnatal retinal development

Retinal morphogenesis and lamination starts prenatally and continues postnatally, followed by synaptogenesis and network maturation that continues even after eye opening in rodents. At birth cones, some rods, HCs, RGCs and GABAergic ACs are already undergoing differentiation (Figures 1B, C). At P0 neuroblast layers have some rudimentary laminar structure; by P14 adult like laminar organization becomes apparent (21). Reese and colleagues showed that cones, HCs, ACs and RGCs may migrate tangentially, in addition to radially during mosaic formation (32). Rods, BPs and Müller glia are born from a single RPC that creates clonal radial columns in the retina, requiring postnatally born cells to migrate minimally. Migration effector protein reelin is expressed in RGCs, HCs, OPL and IPL and enhances Ca2+ conductance of NMDA receptors. In reeler mice rod BPs density is reduced, presumably due to altered NMDA receptor mediated choice of cell survival vs. apoptosis (33). Precise role of extracellular glutamate as an attractant or repellent in retinal migration is yet to be elucidated.

It is debated whether synapses form first and axo-dendritic arbors of pre and postsynaptic partners move together to find their desired strata. Paracrine glutamatergic signaling facilitates synapse formation by acting onto GluN2B extrasynaptic NMDA receptors in developing retina (34). Formation of ON pathway is delayed in dark reared retina, or in absence of glutamatergic input from mipRGCs (35). Synaptic targeting of ON BPs and ON RGCs dendrites does not depend on glutamate release from PRs and BPs, but fewer synapses form in reduced glutamate conditions (36). Thus, excitatory synapse formation in ON pathway requires glutamatergic signal. Role of glutamate in OFF pathway formation remains inconclusive.

Waves of transient, retina-wide correlated bursts of spiking are seen in developing GCL. Gap junctions mediate these waves in E17-P1 (stage I), acetylcholine in P2-P9 (stage II) and glutamate in P10-P14 (stage III) rodent retinas. Glutamatergic waves are not detected in VGLUT1 knockout (37). Ablating VGLUT2 expressing mipRGCs causes incomplete segregation of ipsi and contralateral RGC projections in LGN (38). Precocious glutamatergic wave causes purely ON or OFF projections in SC, whereas ON and OFF projections overtly segregate in LGN. RGCs dendrites diffusely stratify at P1. Segregation of their dendrites into ON and OFF sublamina of IPL requires cessation of group III mGluR signaling, as exogenous application of selective agonist APB severely delays this process (39). These indicate glutamate’s role in RGCs network maturation. Recent evidences suggest that mipRGCs influence VEGF and oxytocin dependent vasculature and synapse formation, implying bigger impact of light mediated glutamatergic signaling on brain and behavior (40).



Conclusion

Retinal cells are extremely diverse in their morphology and function. To this date 1 rod, 2 or more cones, 1 rod BP, 3 HCs, 1 Müller glia, 9 cone BPs, 30-60 ACs, 3-5 mipRGCs and 20-30 RGCs have been described. Establishing a multifunctional network containing millions of neurons in a 0.2 mm thick retina requires timed interplay between extrinsic, intrinsic and trophic signals. Extrinsic glutamatergic signaling is crucial for developmental choice between proliferation and cell cycle exit, as well as survival and apoptosis; in postnatal retina it affects synapse formation and network maturation. Role of glutamate in neural migration and axon guidance hasn’t been clearly identified.
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Introduction

Light responses of rod photoreceptor cells traverse the retina through three pathways. The primary pathway involves synapses from rods to ON-type rod bipolar cells with OFF signals reaching retinal ganglion cells (RGCs) via sign-inverting glycinergic synapses. Secondly, rod signals can enter cones through gap junctions. Finally, rods can synapse directly onto cone OFF bipolar cells.





Methods

To analyze these pathways, we obtained whole cell recordings from OFF-type α RGCs in mouse retinas while expressing channelrhodopsin-2 in rods and/or cones.





Results

Optogenetic stimulation of rods or cones evoked large fast currents in OFF RGCs. Blocking the primary rod pathway with L-AP4 and/or strychnine reduced rod-driven optogenetic currents in OFF RGCs by ~1/3. Blocking kainate receptors of OFF cone bipolar cells suppressed both rod- and cone-driven optogenetic currents in OFF RGCs. Inhibiting gap junctions between rods and cones with mecloflenamic acid or quinpirole reduced rod-driven responses in OFF RGCs. Eliminating the exocytotic Ca2+ sensor, synaptotagmin 1 (Syt1), from cones abolished cone-driven optogenetic responses in RGCs. Rod-driven currents were not significantly reduced after isolating the secondary pathway by eliminating Syt1 and synaptotagmin 7 (Syt7) to block synaptic release from rods. Eliminating Syt1 from both rods and cones abolished responses to optogenetic stimulation. In Cx36 KO retinas lacking rod-cone gap junctions, optogenetic activation of rods evoked small and slow responses in most OFF RGCs suggesting rod signals reached them through an indirect pathway. Two OFF cells showed faster responses consistent with more direct input from cone OFF bipolar cells.





Discussion

These data show that the secondary rod pathway supports robust inputs into OFF α RGCs and suggests the tertiary pathway recruits both direct and indirect inputs.





Keywords: rods, cones, optogenetics, retina, synaptotagmin, rod pathways





Introduction

As light levels rise, the vertebrate retina transitions from relying on rod photoreceptor cells sensitive to dim lights to cone photoreceptor cells that respond to brighter lights. This transition involves a shift in the circuits used to transmit information from rods and cones to the output cells of the retina, retinal ganglion cells (RGCs). Signals from rod photoreceptor cells traverse the retina through at least three different pathways (1–3). The primary pathway operating at low light levels near scotopic threshold involves synapses from rods to ON-type rod bipolar cells (4, 5). Rod bipolar cells make glutamatergic synapses onto AII amacrine cells that in turn transmit signals to ON cone bipolar cells via gap junctions and to OFF cone bipolar cells via sign-inverting synaptic glycinergic synapses. The primary OFF pathway can therefore be blocked with a glycine receptor antagonist strychnine. A second pathway emerges at higher intensities whereby rod signals enter neighboring cones via transmission through gap junctions (6–11). There is evidence for this secondary rod pathway in human flicker ERG responses (12, 13). The secondary pathway can be inhibited by gap junction blockers like mecloflenamic acid (MFA). At still higher intensities, rods can use a third pathway involving direct synaptic contacts between rods and types 3 and 4 cone OFF bipolar cells (8, 11, 14–20). While the latter two pathways operate primarily at higher light levels, recent work suggests that all three pathways can help to shape rod responses even under dim light conditions (10). Other rod pathways that have been identified include glycinergic synapses from AII amacrine cells to specific ganglion cells (21) and synapses from rods to cone ON bipolar cells (22). However, this latter pathway is absent from rabbit retina (20).

In the present study, we combined optogenetic stimulation of rods and cones along with genetic elimination of exocytotic calcium sensors and gap junctions to distinguish the pathways carrying rod and cone signals to OFF α ganglion cells. We were interested in evaluating the strength of synaptic inputs entering α ganglion cells via the tertiary pathway involving direct contacts between rods and cone OFF bipolar cells. We expressed channelrhodopsin-2 (ChRh2) in rods and/or cones, allowing us to drive these two cell types independently with good temporal precision. Optogenetic activation of ChRh2 evokes depolarizing responses in rods or cones whereas activation of endogenous opsins evokes hyperpolarizing responses. Optogenetic activation therefore evokes inward currents in OFF cells at light onset rather than outward currents evoked by activation of endogenous opsins in rods and cones.

α RGCs are the most sensitive RGCs in mouse retina (23, 24). Both OFF transient and OFF sustained α ganglion cells receive glycinergic synaptic inputs from AII amacrine cells along with direct inputs from types 3 and 4 OFF cone bipolar cells. OFF sustained α RGCs receive stronger input from AII amacrine cells than OFF transient α RGCs (25, 26). Conversely, ultrastructural studies indicate that OFF transient α RGCs receive 40% of their input from Type 3A bipolar cells and 18% from Type 4 whereas OFF sustained α cells receive only 5% of their inputs from Type 3A and 4% from Type 4 (27, 28). We targeted cells by whole cell recording in flatmount retina and used optogenetics to analyze rod and cone inputs. Our results showed that with strong optogenetic stimulation, most OFF α RGCs receive strong input from primary and secondary pathways. Our results further suggest that signals entering the tertiary pathway reach most OFF α RGCs through a poly-synaptic pathway involving amacrine cells, but a subset of OFF cells receive fast rod input via direct synapses from cone OFF bipolar cells.





Materials and methods




Mice

Control and mutant mice were bred on C57/Bl6J backgrounds. Mice were kept on 12 hour dark-light cycles. Mice aged 6-12 weeks of both sexes were used for experiments. Rho-iCre, HRGP-Cre, Syt1flox (Syt1: MGI:99667), and Syt7flox mice have been described previously (29–32). Ai32 mice that express channelrhodopsin2/EYFP fusion protein in the presence of cre-recombinase were obtained from Jackson Labs. Rho-iCre (RRID : IMSR_JAX:015850) mice were also obtained from Jackson Labs (30). Cx36 KO mice were generously provided by Eduardo Solessio (SUNY-Upstate) (33). To eliminate Syt1 and Syt7 from rods and cones, we crossed Rho-iCre and HRGP-Cre mice with Syt1fl/fl and Syt7fl/fl mice. To create mice that we could study optogenetically and lacked gap junctions between rods and cones, we crossed Rho-iCre mice with Ai32 and Cx36 KO mice (5). In our hands, homozygous Cx36 KO mice did not breed well making this a lengthy endeavor.

Animal care and handling protocols were approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee. Euthanasia was conducted in accordance with AVMA Guidelines for the Euthanasia of Animals by CO2 asphyxiation followed by cervical dislocation.





Electrophysiology

Mice were dark-adapted overnight. After euthanasia, retinas were isolated under dim red light and then incubated in Ames’ medium supplemented with collagenase and hyaluronidase (Sigma-Aldrich) at room temperature for 15–30 min to aid in penetrating the inner limiting membrane (34). Retinas were placed with ganglion cells facing up in the recording chamber and held in place with a tissue slice anchor (Warner Instruments). Recordings were conducted under room light. The combination of room light and repeated LED stimulation placed the retina in a light-adapted condition.

Tissue was superfused at 3 ml/min. with Ames’ medium bubbled with 95% O2/5% CO2. Except where noted, we blocked glycine receptors with strychnine (1 μM). During ganglion cell recording, GABA receptors were inhibited by supplementing Ames medium with picrotoxin (100 μM) or gabazine (10 μM). Early experiments used gabazine but later studies–including pharmacological and gene knockout studies–used picrotoxin. While picrotoxin is more effective than gabazine in blocking GABAc receptors (35), we saw no obvious differences in amplitude or kinetics of optogenetically-evoked currents of RGCs with these two compounds. Other pharmacological agents were also bath applied. Every experimental condition was repeated in RGCs from at least three different mice.

Whole cell recordings were obtained on an upright fixed-stage microscope (Olympus BX51) under a water-immersion objective (40x or 60x). Recording electrodes were fabricated from borosilicate glass pipettes (1.2 mm outer diameter, 0.9 mm inner diameter, World Precision Instruments) to yield a tip resistance of 5–7 MΩ. Pipettes were filled with solution containing (in mM): 110 Cs gluconate, 8 NaCl, 1 CaCl2, 20 BAPTA EGTA, 10 HEPES, 4 ATP, 0.01 Alexa 488, 5 QX314 (pH 7.4; 290 mOsm). The use of BAPTA eliminated retrograde signaling effects (36).

Recordings were performed in voltage clamp using an Axopatch 200B amplifier (Axon Instruments/Molecular Devices) and digitized with an ITC-18 interface (Heka Instruments). Data were acquired with AxoGraph X acquisition software and analyzed with Clampfit (Axon Instruments). Membrane currents were filtered at 5 kHz. RGCs were held at -60 mV. Voltages were not corrected for liquid junction potentials (Gluconate pipette solution: 12 mV).

ChR2 was activated by a 1 ms pulse of 490 nm light from an LED (Lambda TLED, Sutter Instruments). The voltage driving the LED was regulated by a computer-controlled analog input. For experiments reported here, we chose a voltage that consistently generated saturating responses (5 V).

Confocal images were obtained using Nikon Elements software and a laser confocal scanhead (Perkin Elmer Ultraview LCI) equipped with a cooled CCD camera (Hamamatsu Orca ER) mounted on a Nikon E600FN microscope. Fluorescent excitation was delivered from an argon/krypton laser at 488, 568, or 648 nm wavelengths and emission was collected at 525, 607, and 700 nm, respectively. Filters were controlled using a Sutter Lambda 10–2 filter wheel and controller. The objective (60X water immersion, 1.0 NA) was controlled using a E662 z-axis controller (Physik Instrumente). Image contrast and brightness was adjusted using Nikon Elements and Adobe Photoshop software.





Statistical analysis

Statistical analysis and data visualization were done using GraphPad Prism 9. Data were analyzed with paired and unpaired t-tests, as well as ordinary one-way ANOVA. We adjusted for multiple comparisons using the Šídák method. The criterion for statistical significance was set at α = 0.05. Data in the text and figures are reported as mean ± SD.






Results

To compare rod and cone inputs into ganglion cells, we used Ai32 mice that express a ChRh2/EYFP fusion protein in the presence of Cre-recombinase. To express ChRh2 in rods or cones, we crossed these mice with Rho-iCre or HRGP-Cre mice, respectively. We used blue LED light to activate ChRh2 in photoreceptor cells and recorded synaptic currents in RGCs using a flatmount retinal preparation (Figure 1A). In the absence of Cre-recombinase, bright blue LED light typically evoked outward currents followed by slow inward currents in OFF-type ganglion cells (Figure 1B). These currents were evoked by hyperpolarizing cone responses that result from the activation of endogenous opsins by blue light in light-adapted retinas.




Figure 1 | Optogenetic stimulation of ChRh2 expressed in rods or cones evoked large fast currents in OFF α ganglion cells. (A) Diagram illustrating the experimental protocol using blue light to stimulate rods and/or cones while recording from retinal ganglion cells. (B) Blue light stimuli evoke slow outward light responses in control C57 mice. These can be readily distinguished from fast inward currents evoked by optogenetic activation of ChRh2. (C) ChRh2 coupled to EYFP labeled cone membranes (green) in this retinal cross-section (maximum intensity projection) from an HRGP-Cre/Ai32 mouse. Cones in this retina were also labeled by Cre-dependent expression of td-Tomato (red). (D) An example of current evoked in an OFF RGC by optogenetic stimulation of cones. (E) EYFP labeled rod membranes (green) and td-Tomato labeled (red) rod cytoplasm in this retinal cross-section (maximum intensity projection) from a Rho-iCre/Ai32 mouse. (F) Current evoked in an OFF RGC by optogenetic stimulation of rods. Experiments in this figure were conducted in the presence of strychnine (1 μM) and gabazine (10 μM).



As illustrated in Figure 1, slow, endogenous currents could be readily distinguished from the rapid inward currents evoked in OFF RGCs by optogenetic activation of ChRh2. Figure 1C shows a retinal cross-section with cone membranes labeled by EYFP co-expressed with ChRh2 (green). Cone cytoplasm was labeled by the Cre-reporter, tdTomato. Figure 1D shows an example of a rapid inward current evoked in an OFF α RGC by optogenetic stimulation of cones in an HRGP-Cre/Ai32 mouse retina. Figure 1E shows a retinal cross section with expression of EYFP/ChRh2 in rod membranes and tdTomato in rod cytoplasm of Rho-iCre x Ai32 mice. Figure 1F shows an example of the rapid inward current evoked in an OFF α RGC by optogenetic activation of ChRh2 in rods.

Optogenetic activation of ChRh2 depolarizes cones whereas activation of endogenous cone opsin hyperpolarizes cones. Optogenetic activation therefore evokes inward currents in OFF RGCs at light onset whereas activation of endogenous opsins evokes outward currents at light onset and inward currents at light offset (Figure 1) Endogenous responses were much slower than optogenetic responses but by countering later portions of inward optogenetic current, may have slightly reduced total charge transfer (compare the endogenous light response in Figure 1B with optogenetic responses in the lower panels).

Optogenetic stimulation of ON RGCs (Figures 2A–C) evoked smaller and slower inward currents than stimulation of OFF cells (Figures 2D–I). Glutamate release from rods in darkness keeps the signaling cascade activated by mGluR6 receptors in rod bipolar cells near saturation (37). This limits the impact of further depolarization in rods and thereby limits the outward currents that can be evoked by optogenetic stimulation of rods in ON RGCs. The only optogenetic responses visible in these ON cells were therefore OFF responses (Figures 2B, C).




Figure 2 | Optogenetic stimulation evoked similar fast inward currents in OFF transient and OFF sustained α retinal ganglion cells. ON cells showed slower inward currents. (A) Maximum intensity image of an ON α cell filled with Alexa 488. (B) Response of an ON α cell to optogenetic stimulation of cones showing a delayed inward current. (C) Response of an ON α cell to optogenetic stimulation of rods. (D) Maximum intensity image of an OFF transient α cell filled with Alexa 488. (E) Response of an OFF transient α cell to optogenetic stimulation of cones. (F) Response of an OFF transient α cell to optogenetic stimulation of rods. (G) Maximum intensity image of an OFF sustained α cell filled with Alexa 488. (H) Response of an OFF sustained α cell to optogenetic stimulation of cones. (I) Response of an OFF sustained α cell to optogenetic stimulation of rods. Experiments in this figure were conducted in the presence of strychnine (1 μM) and gabazine (10 μM).



We targeted OFF α RGCs that receive rod and cone inputs for these experiments. In the presence of GABA antagonists (gabazine or picrotoxin) and the glycine receptor antagonist strychnine, responses of OFF cells to optogenetic stimulation of rods (n=8) and cones (n=12) reversed at positive potentials consistent with excitatory inputs. This is illustrated in Figures 3A, B with examples from rod- and cone-driven cells in retinas of Rho-iCre/Ai32 and HRGP-Cre/Ai32 mice. We could not use conventional light response criteria to classify sustained vs. transient cells. Instead, OFF transient α RGCs were distinguished from OFF sustained α RGCs by the presence of prominent low-voltage-activated T-type Ca2+ currents in the former (26, 36, 38, 39). We tested for T-type currents using a voltage step from -90 to -50 mV. We included the dye Alexa488 in the patch pipette to label cells for anatomical confirmation whenever possible. OFF transient α RGCs terminate in the proximal half of the inner plexiform layer whereas OFF sustained α RGCs terminate more deeply in the distal half (26, 36, 40, 41).




Figure 3 | Responses of OFF α RGCs at different membrane potentials (20 mV steps from -90 to +50 mV) evoked by optogenetic stimulation of rods (A) and cones (B). The recording in A was from an OFF transient cell in a Rho-iCre/Ai32 retina and the recording in B was from an OFF sustained cell in HRGP-Cre/Ai32 retina. In both, responses reversed between -10 mV (blue trace) and +10 mV (red trace). (C) At the beginning of a recording, optogenetic stimulation often evoked a rapid inward current arising from voltage-dependent Na+ currents (red trace). Na+ currents disappeared during the first few minutes as the Na+ channel blocker QX314 (5 μM) diffused into the cell through the patch pipette (black trace). This example was from an OFF transient cell in an HRGP-Cre/Ai32 retina. Experiments in this figure were conducted in the presence of strychnine (1 μM) and gabazine (10 μM).



Excitatory synaptic currents evoked in OFF α RGCs by optogenetic stimulation of cones or rods typically consisted of both fast and slow components. In some cells, the initial fast component was only an inflection during the rising phase of the inward current (e.g., Figure 1F). We included a Na+ channel blocker QX314 in the recording pipette. Contributions of Na+ currents produced an abrupt acceleration of the initial inward optogenetic current. As illustrated by example responses in Figure 3C, Na+ currents declined during the first few minutes of recording as QX314 entered the cell through the patch pipette. When reporting amplitude or latency of peak inward currents we did not include current components that showed evidence of sodium channel contributions.




Pharmacology of ganglion cell currents evoked by optogenetic stimulation of rods or cones

We compared currents in OFF α RGCs driven by optogenetic stimulation of rods or cones. Optogenetic stimulation of rods in Rho-iCre/Ai32 mice evoked responses in ganglion cells with similar waveforms as cone-driven currents in HRGP-Cre/Ai32 mice (Figure 2). Early experiments used gabazine (10 μM) but most used picrotoxin (100 μM) to inhibit GABA receptors. We saw no differences in amplitude or kinetics and so combined data from these two compounds in our control sample. In the presence of strychnine and GABA antagonists, the peak amplitude of cone-driven currents averaged 1.23 ± 0.41 nA (SD, n=22 cells) whereas rod-driven currents were significantly smaller, averaging 0.91 ± 0.38 nA (n=21; p = 0.0272; Figure 4A). Charge transfer was also significantly greater for cone-driven (108.4 ± 37.3 nA*ms) than rod-driven currents (75.6 ± 33.6 nA*ms; p = 0.003; Figure 4B). Under these same conditions, the latency to the initial fast component for cone-driven currents averaged 18.1 ± 3.55 ms (n=22) whereas rod-driven currents showed a significantly longer latency of 22.9 ± 8.2 ms (n=21; p=0.04) (Figure 4B). Latency for rod-driven currents shortened from 18.1 ms at room temperature to 9.0 ± 2.95 ms (n= 4) at 35 deg C (paired t-test, t=3.315, df = 23; p=0.003).




Figure 4 | Comparison of rod and cone-driven optogenetic responses of OFF α RGCs. (A) Amplitude of currents evoked by optogenetic stimulation of rods was reduced significantly by the presence of strychnine (1 μM). (Rho-iCre with strychnine, n=21 cells, 9 mice; Rho-iCre without strychnine, n=12 cells, 5 mice; HRGP-Cre with strychnine, n=22 cells, 8 mice). (B) Charge transfer of c evoked by optogenetic stimulation of rods was also reduced significantly by the presence of strychnine. (C) Latency of rod-driven optogenetic currents was increased by an average of 4.8 ms compared to cone-driven optogenetic currents. (D) Recovery from paired pulse depression was similar for rod-driven optogenetic currents with (τ = 685 ms; df=94) and without strychnine (τ = 781 ms; df=57) and for cone-driven currents with strychnine (τ=852 ms, df=124). (E) Optogenetically-evoked current amplitude did not differ significantly between OFF-transient and OFF-sustained cells in both rod- and cone-driven cells. Strychnine reduced the amplitude of rod-driven currents in OFF transient cells significantly (Rho-iCre transient and sustained RGCs without strychnine, n=6 cells each,; Rho-iCre transient and sustained RGCs with strychnine, n=9 and n=11 cells, respectively; HRGP-Cre transient and sustained RGCs, n=11 and n=10 cells, respectively). OFF transient and sustained cells were distinguished by the presence or absence of prominent T-type currents and confirmed anatomically whenever possible. (F) Latency to the fast component of the optogenetic response did not differ significantly among rod- and cone-driven sustained and transient OFF α RGCs. Most experiments in this figure were conducted in the presence of strychnine (1 μM) and picrotoxin (100 μM). In early experiments, we used gabazine (10 μM) rather than picrotoxin.



In most of our experiments, the primary pathway from rod bipolar cells to OFF ganglion cells was blocked by using strychnine to inhibit glycinergic synapses between AII amacrine cells and OFF cone bipolar cells. To evaluate contributions of the primary pathway, we compared optogenetic stimulation of rods in Rho-iCre/Ai32 mice with and without strychnine. Strychnine (1 μM) reduced both amplitude (Figure 4A; no strychnine: 1.35 ± 0.36 nA, n=12; strychnine: 0.90 ± 0.38 nA, n=21; p=0.0112, one-way ANOVA with Sidak’s multiple comparisons test) and charge transfer (Figure 4B, 107.2 ± 36.6 nA*ms; strychnine: 75.6 ± 33.6 nA*ms; p=0.023) of rod-driven currents in OFF RGCs (Figure 4B). Latency was unchanged (Figure 3C). Blocking glycinergic inhibition could allow more sustained release of glutamate, but amplitude and charge transfer were both reduced by a similar fraction (0.33 and 0.30, respectively).

We found no differences in paired pulse depression between rod and cone-driven pathways. In the presence of strychnine, the recovery from paired pulse depression was similar whether release was driven by rods in Rho-iCre/Ai32 mice or cones in HRGP-Cre/Ai32 mice (Figure 4D). This is consistent with shared retinal circuits. Recovery was a bit slower when strychnine was omitted from Rho-iCre/Ai32 experiments, but the difference was not significant (Figure 4D).

The amplitude and latency to the initial peak current did not differ significantly between OFF-transient and OFF-sustained RGCs for either rod- or cone-driven cells (Figures 4E, F). The addition of strychnine had a greater impact in reducing the amplitude of rod-driven currents in OFF transient cells than OFF sustained cells (Figure 4). However, in the presence of strychnine, we saw no significant differences between OFF sustained and OFF transient cells in terms of amplitude or latency and so we combined data from these two cell types for most subsequent analyses.

The diagram at the left of Figure 5 illustrates the different sites targeted pharmacologically. L-AP4 was used to saturate mGluR6 glutamate receptors in rod and ON cone bipolar cells, thereby blocking the primary rod pathway. Strychnine also inhibits the primary rod OFF pathway by targeting glycinergic synapses from AII amacrine cells to OFF cone bipolar cells. Inhibiting KA receptors in cone OFF bipolar cells with ACET should block both secondary and tertiary rod pathways. MFA targets rod-cone gap junctions as well as gap junctions between AII amacrine cells and ON cone bipolar cells, thereby blocking the secondary rod pathway. The D2/D4 dopamine receptor agonist quinpirole also reduces gap junctional coupling between rods and cones, thereby inhibiting the secondary pathway.




Figure 5 | Pharmacological analysis of rod inputs to OFF α RGCs. At the left is a diagram illustrating the sites targeted pharmacologically. L-AP4 saturates mGluR6 glutamate receptors in rod and ON cone bipolar cells. ACET inhibits KA receptors in cone OFF bipolar cells. MFA targets rod-cone gap junctions and gap junctions between AII amacrine cells and ON cone bipolar cells. The D2/D4 dopamine receptor agonist quinpirole also reduces gap junctional coupling between rods and cones. Strychnine was present throughout these experiments to block the glycinergic synapse from AII amacrine cells to OFF cone bipolar cells that convey signals from rod bipolar cells into the OFF pathway. (A) Responses evoked by optogenetic stimulation of cones were reduced significantly by blocking KA receptors with ACET (10 μM, n=4 cells, 3 mice) or by using the gap junction blocker, MFA (100 μM, n=6 cells, 6 mice). (HRGP-Cre control, n=22 cells, 8 mice; HRGP-Cre AP4, n=9 cells, 3 mice) (B) Responses evoked by optogenetic stimulation of rods were reduced significantly by blocking KA receptors with ACET (10 μM, n=8 cells, 3 mice), the gap junction blocker, MFA (100 μM, n=8 cells, 8 mice), and the D2/D4 dopamine receptor agonist quinpirole (1-3 μM, n=7 cells, 7 mice). (Rho-iCre control, n=21; Rho-iCre AP4, n=9 cells, 6 mice). (C) Cone-driven response charge transfer was also significantly reduced by ACET and MFA. (D) Rod-driven response charge transfer was significantly reduced by ACET, MFA and quinpirole. (E) Latencies of responses evoked by optogenetic stimulation of cones were lengthened significantly by ACET. (F) Latencies of responses evoked by optogenetic stimulation of rods were lengthened significantly by ACET and MFA. Most experiments in this figure were conducted in the presence of strychnine (1 μM) and picrotoxin (100 μM). In some early experiments on Rho-iCre or HRGP-Cre mice, we used gabazine (10 μM) rather than picrotoxin.



When added in the presence of strychnine, L-AP4 (20 μM) caused no further decrease in current amplitude or charge transfer (Figure 5). Strychnine was present for all experiments plotted in Figure 4 and the negligible effects of adding L-AP4 supports the conclusion that strychnine alone successfully blocked rod bipolar cell inputs into OFF α RGCs conveyed by glycinergic synapses from AII amacrine cells to OFF cone bipolar cells. Additionally, the reduction in amplitude and charge transfer produced by strychnine alone or strychnine plus AP4 suggests that a third of the total OFF input when driven by optogenetic stimulation of rods involves glycinergic synapses.

Consistent with other studies (42–47), we found that blocking KA receptors in OFF bipolar cells with ACET (10 μM) almost completely abolished optogenetically-evoked currents in OFF α RGCs, whether driven by rods or cones. The bar graphs in Figure 5 summarize the changes in current amplitude (A, B), charge transfer (C, D), and latency to the initial peak (E, F). Representative waveforms are shown in Figure 6. Residual currents observed in the presence of ACET were considerably slower than those in control conditions. OFF α RGCs possess AMPA receptors and so they should be relatively immune to direct effects of ACET (48–51). The modest effects of strychnine together with the potent inhibitory effects of ACET on rod-driven currents in OFF RGCs suggests that most of the rod-driven currents observed in the presence of strychnine involve transmission to KA receptors at cone OFF bipolar cell dendrites. This could arise from secondary (rod to cone transmission via gap junctions) or tertiary rod pathways (direct rod inputs to cone OFF bipolar cells).




Figure 6 | Example RGC response waveforms showing responses evoked by optogenetic stimulation of cones with and without ACET (A), stimulation of rods with and without ACET (B), and stimulation of rods with and without MFA (C). Experiments in this figure were conducted in the presence of strychnine (1 μM) and picrotoxin (100 μM).



To examine contributions of rod-cone gap junctions to these currents, we tested effects of the gap junction blocker MFA (100 μM). Summary data are shown in Figure 5 and waveforms obtained before and after application of MFA are illustrated in Figure 6C. After applying MFA, rod-driven currents rapidly lost an initial fast component and showed a significantly longer latency (P=0.0008, Sidak’s multiple comparisons test). The amplitude and charge transfer continued to diminish in the presence of MFA but currents were not fully abolished even after 10-20 min. Currents evoked in OFF RGCs by optogenetic stimulation of cones were also reduced in amplitude and charge transfer by MFA. This could potentially involve inhibition of cone signals traveling into rods but might also be due to non-specific effects of MFA. The latency for cone-driven currents was slowed by MFA but this effect was not statistically significant (Figure 5).

In a second approach to testing gap junction contributions to rod-driven currents, we applied the D2/D4 dopamine receptor agonist quinpirole (1-3 μM). Quinpirole has been shown to uncouple gap junctions between rods and cones (5). Like MFA, this drug produced a significant reduction in peak current amplitude (p=0.005, n=7) and charge transfer (p=0.0018) of rod-driven currents compared to control (strychnine + picrotoxin; Figure 5). Response latency was not significantly different from control. MFA and quinpirole have quite different pharmacological profiles and off-target effects. The reduction in optogenetic currents produced by both compounds supports the idea that the principal effects in both experiments involve inhibition of rod-cone gap junctions, suggesting a major role for rod-cone coupling in transmission of OFF responses to α RGCs. Are the residual currents in rod-driven cells due to incomplete block of gap junctions or the result of direct contacts between rods and cone OFF bipolar cells? To answer this question, we turned to studies using genetically modified mice.





Genetic elimination of Syt1, Syt7, and Cx36

Syt1 appears to be the sole exocytotic Ca2+ sensor used by cones to mediate synaptic release of glutamate-filled vesicles. Syt1 also controls a fast form of release from rods and eliminating Syt1 from rods and cones completely abolishes ERG b-waves (31, 32). To eliminate Syt1 from cones or rods selectively, we crossed floxed Syt1 mice with mice expressing Cre-recombinase in cones (HRGP-Cre) or rods (Rho-iCre) (31).

Consistent with evidence that Syt1 is the sole sensor used by cones, eliminating Syt1 from cones in HRGP-Cre/Syt1flfl/Ai32- mice abolished responses in RGCs driven by optogenetic stimulation of cones. Figure 7A shows a control recording with Syt1 intact while Figure 7B shows a recording from an OFF α RGC after Syt1 was eliminated from cones. As summarized in Figure 8, eliminating Syt1 from cones consistently abolished cone-driven optogenetic responses in RGCs, assessed by both amplitude and total charge transfer.




Figure 7 | Example waveforms of responses evoked by optogenetic stimulation of rods and/or cones lacking Syt1, Syt7, or Cx36. (A) Current evoked by optogenetic stimulation of cones in an α RGC. Red X in the diagram represents blockade of glycinergic synapses from AII amacrine cells to cone OFF bipolar cells by strychnine. (B) Response to optogenetic stimulation of cones was abolished by the absence of Syt1 from cones. (C) Example current evoked by optogenetic stimulation of rods. (D) Response to optogenetic stimulation of rods was remained in the absence of Syt1 from rods. (E) Response to optogenetic stimulation of rods also remained in the absence of both Syt1 and Syt7 from rods. (F) Two example responses to optogenetic stimulation of rods in Cx36KO mice. Black trace shows the typical slow response that was observed in most cells. The red trace shows the large fast response observed in one OFF cell. (G) Response to optogenetic stimulation of rods and cones was abolished by the absence of Syt1 from both rods and cones. Experiments in this figure were conducted in the presence of strychnine (1 μM) and picrotoxin (100 μM).






Figure 8 | Summary of optogenetically-evoked responses in RGCs from different genotypes. (A) Response amplitude evoked by stimulation of rods or cones were both reduced significantly by elimination of Syt1 from cones. Eliminating Syt1 from rods did not significantly reduce responses evoked by optogenetic stimulation of rods. Eliminating Cx36 also significantly reduced responses evoked by optogenetic stimulation of rods. Residual responses in Cx36KO mice were abolished by eliminating Syt1 from rods. (B) Charge transfer measurements in the same cells showed similar effects. (C) Latency measurements showed that eliminating Cx36 lengthened the average latency of responses evoked by optogenetic stimulation of rods. Latencies were not measured in the three experimental conditions where responses were abolished. This included both genotypes lacking Syt1 in cones as well as Cx36KO retinas lacking Syt1 in rods. ConeSyt1CKO, n = 8 cells (6 mice); RodSyt1CKO, n = 10 cells (7 mice); RodSyt1Syt7CKO, n = 6 cells (2 mice); Rod/ConeSyt1CKO, n = 5 cells (5 mice); Rho-iCre/Cx36KO, n = 10 cells (3 mice). Experiments in this figure were conducted in the presence of strychnine (1 μM) and picrotoxin (100 μM).



Rods use Syt1 for fast, synchronous release of glutamate and eliminating Syt1 suppresses scotopic ERG b-waves (31, 32). However, genetically eliminating Syt1 from rods in Rho-iCre/Syt1flfl/Ai32 mice did not cause a statistically significant reduction in amplitude or charge transfer of rod-driven currents in the presence of strychnine (Figures 7, 8). Time to peak latency was also not significantly altered (Figure 8C). OFF transient α cells receive stronger inputs from type 3 and 4 cone OFF bipolar cells that in turn receive direct rod input, but large optogenetic responses remained in OFF transient cells from mice lacking Syt1 in rods, averaging 1.0 ± 0.33 nA (n=3). This compared to optogenetic currents of OFF transient cells in control animals that averaged 1.6 ± 0.29 nA (n=6; p=0.79, unpaired t-test).

In addition to Syt1, rods can use Syt7 for a slow form of synaptic release and so we considered the possibility that this sensor might contribute to release in the absence of Syt1 (32). We bred floxed Syt7 mice (32) to generate Rho-iCre/Syt1flfl/Syt7flfl/Ai32 mice that lacked both Syt1 and Syt7 in rods. Simultaneous elimination of both Syt1 and Syt7 from rods did not reduce rod-driven optogenetic responses in Off RGCs, suggesting that Syt7 was not responsible for the responses to optogenetic stimulation of rods that remained in the absence of Syt1 in rods (Figure 8).

To test the requirement for synaptic transmission from cones when output from rods was blocked by elimination of Syt1, we examined responses of OFF ganglion cells in mice that had ChRh2 in rods and cones but lacked Syt1 in both. To do so, we crossed Rho-iCre/HRGP-Cre/Ai32 mice with floxed Syt1 mice (Syt1fl/fl) to generate conditional Syt1 knockouts that lacked Syt1 in both rods and cones. Eliminating Syt1 from both rods and cones completely abolished responses to optogenetic stimulation of photoreceptors (Figures 7G, 8). This experiment shows that responses evoked by optogenetic stimulation of rods lacking Syt1 were not due to an unidentified Ca2+ sensor in rods and are consistent with a requirement for Syt1-mediated release from cones. While this does not eliminate the possibility of modest contributions from the tertiary pathway, these data show that large responses evoked by optogenetic stimulation of rods lacking Syt1 were entirely mediated by the secondary pathway.

To eliminate the secondary pathway and isolate direct transmission from rods to OFF bipolar cells, we tested Cx36 knockout mice that lack gap junctions between rods and cones (as well as lacking gap junctions between AII amacrine cells and ON-type cone bipolar cells) (33). Optogenetic stimulation of rods in Rho-iCre/Ai32 mice crossed with Cx36 knockout mice evoked modest responses (428 ± 414 pA, n=10 cells, 3 mice) with long latencies (40.7 ± 14.1 ms; Figure 8) in most OFF RGCs. Long latencies are more consistent with poly-synaptic inputs than direct inputs from cone OFF bipolar cells to RGCs. Two cells showed short latencies more consistent with direct inputs from OFF bipolar cells to OFF RGCs. One was an OFF sustained cell with a latency of 20 ms and peak amplitude of 580 pA. The other was an OFF transient cell with a latency of 15.5 ms and amplitude of 1.5 nA. The response of this latter cell is illustrated in Figure 7F (red trace). The black trace shows an example from a different OFF transient cell in the same retina that was more typical of the slow responses seen in other Cx36 KO RGCs. The finding that most OFF RGCs showed small and slow responses when primary and secondary pathways were eliminated suggests rod signals reached these cells through an indirect pathway, presumably involving amacrine cells. However, a subset of OFF cells show faster responses that are more likely due to direct OFF bipolar cell inputs into RGCs.






Discussion

We combined pharmacology, knockouts, and optogenetics to analyze the pathways by which rods signals travel through the mouse retina. Blocking glycinergic synapses between AII amacrine and cone OFF bipolar cells with strychnine reduced optogenetic currents by ~1/3. This suggests that with optogenetic stimulation, ~1/3 of the rod input into the OFF pathway flows through inhibitory glycinergic synapses from AII amacrine cells to cone bipolar cells. This is a lower bound estimate since the activity of rod bipolar cells is nearly saturated by glutamate release in darkness (52) and so additional glutamate release evoked by optogenetic stimulation of rods can have only a limited impact on transmission to rod bipolar cells. Furthermore, picrotin, which is a component of picrotoxin, can inhibit glycine receptors so some inhibition of the primary pathway remained even in the absence of strychnine (53).

In the presence of strychnine to block the primary rod pathway, large, fast currents could be evoked by optogenetic stimulation of rods in both transient and sustained OFF α RGCs. This was true even after eliminating glutamate release from rods by genetic deletion of Syt1 and Syt7. Since eliminating glutamate release from rods should eliminate both primary and tertiary rod pathways, the large responses evoked by optogenetic stimulation of rods in the presence of strychnine must have arisen solely from the secondary pathway. Strong optogenetic stimuli may engage pathways that normally operate at higher light levels and so the secondary pathway may play a particularly prominent role in our experiments (4, 11).

With the primary pathway blocked by strychnine, the latency of optogenetic responses evoked by stimulation of rods was 4.5 ms longer in OFF RGCs than responses evoked by optogenetic stimulation of cones. Cones have an average membrane capacitance of 6.2 pF and input resistance of 0.53 GΩ (31) suggesting a membrane time constant of 3.3 ms. The added time needed for transmission of voltage changes through gap junctions to cones could potentially account for the longer latency of rod-driven responses traveling through the secondary pathway.

In the presence of strychnine to suppress the primary pathway, we inhibited the secondary pathway by inhibiting rod-cone gap junctions with MFA or by activating D2 receptors with quinpirole. We also tested Cx36 KO mice that lack gap junctions between rods and cones. Under these conditions, the tertiary rod pathway involving direct inputs from rods to cone OFF bipolar cells should be the major or sole remaining pathway. And under these conditions, optogenetic stimulation of rods generally evoked small, slow responses in OFF RGCs more consistent with poly-synaptic inputs than direct inputs from cone OFF bipolar cells. However, we saw fast responses in two RGCs from mice lacking Cx36 suggesting a subset receive direct contacts from OFF bipolar cells that in turn receive direct input from rods.

In mice lacking Cx36, the slow kinetics of responses evoked by optogenetic stimulation of rods suggested they arrive through a pathway that involves amacrine cells. One possible sign-conserving pathway from cone OFF bipolar cells would be from cone OFF bipolar cells →glutamatergic monopolar amacrine cells → OFF RGCs (54). Another possible way to achieve a sign-conserving pathway from cone OFF bipolar cells is serial inhibition (→ inhibitory amacrine cells → other inhibitory amacrine cells → OFF RGCs). Input into rod bipolar cells is intact in Cx36KO mice and so another possibility is a sign-inverting pathway from rod bipolar cells. In addition to contacting AII amacrine cells, rod bipolar cells also contact A17 and nNOS amacrine cells (55, 56). And while A17 cells make most of their synapses onto rod bipolar cells, they also make occasional connections with cone bipolar cells (57). Furthermore, synapses from A17 cells onto bipolar cells involve GABAc receptors that may not have been fully blocked by picrotoxin used in most of our experiments, including those with Cx36 KO mice (58).

Anatomical evidence suggests that OFF bipolar cells provide greater direct input into transient OFF α cells than OFF sustained cells (27, 28). Consistent with this, we found one transient OFF RGC that exhibited particularly large fast currents when rods were stimulated optogenetically in retinas lacking Cx36. Rods make direct contact with types 3 and 4 cone OFF bipolar cells (8, 14–19) and types 3A and 4 cells provide most of the input into OFF transient α cells (27, 28, 59). The OFF transient cell that showed large fast responses consistent with strong direct input from cone OFF bipolar cells was similar in soma size and dendritic extent to other OFF transient cells, but subtypes of OFF ganglion cells can be difficult to distinguish without further careful study (e.g., OFF sustained and bursty-suppressed-by-contrast ganglion cells share a similar morphology) (60–63).

Recordings from individual rods showed that Syt7 contributes to synaptic release when stimulated with long depolarizing stimuli (32). Eliminating Syt7 from rods abolished this slow form of release but, surprisingly, had no effect on ERG b-waves and eliminating Syt1 alone from rods and cones was sufficient to abolish b-waves. Similarly, the present results showed that eliminating Syt1 from both rods and cones was sufficient to abolish responses evoked by optogenetic stimulation of rods, even with Syt7 intact. These data provide further support for the idea that Syt1 alone is responsible for mediating fast responses of rods. We hypothesize that Syt7 may play a modulatory role by slowly adjusting synaptic cleft levels of glutamate as rod membrane potential varies with light intensity.

How do our results on rod pathways compare to previously published studies? Using multielectrode arrays to study mouse retina, Seilheimer et al. (3) saw several responsive OFF cells under scotopic conditions in Cx36KO mice but no responsive OFF RGCs when they tested retinas lacking rod bipolar cells. This suggests that the primary pathway is essential for most scotopic OFF responses (3). Using whole cell recordings, Protti et al. (9) found that blocking rod bipolar cells with L-AP4 blocked scotopic responses in 17/18 OFF and ON/OFF ganglion cells in mouse retina, also suggesting an essential role for the primary rod pathway in mediating OFF responses (9). In both studies (3, 9), RGC responses were restored at higher intensities where it is thought that rod-cone gap junctions contribute more significantly (4). Contributions from the secondary rod pathway have been shown in humans by flicker ERG responses (12, 13) and there is evidence that the tertiary pathway provides minimal inputs to OFF parasol ganglion cells in primate retina (64). Jin et al. dissected the different rod pathways using a combination of knockout mice and pharmacology (11) and characterized the intensity ranges over which these different pathways operate. Their results showed that the primary pathway conveys low scotopic information, the secondary pathway operates at high scotopic levels, and the tertiary pathway contributes at mesopic levels. After blocking the primary pathway with L-AP4 and removing the secondary pathway by eliminating rod/cone gap junctions, the tertiary pathway remained capable of supporting robust responses in OFF cells. Jin et al. did not directly assess kinetics, but our results suggest that much of this tertiary pathway involves slow kinetics and passage through intermediary amacrine cells with only a subset of RGCs receiving fast direct inputs from cone OFF bipolar cells.

Pasquale et al. (65) found that GNAT2 KO mice lacking cone light responses crossed with Cx36 KO mice lacking functional gap junctions retained a surprising degree of contrast sensitivity at high temporal frequencies. Cx36-independent, rod-driven responses must arise from either primary or tertiary pathways. Pasquale et al. argued that the intensity range was too high to be mediated by the primary rod pathway, but there is evidence that the primary rod pathway can contribute over intensities extending into the mesopic range (10). Contacts between rods and cone ON bipolar cells might also contribute (22). The slow responses that we saw in most OFF cells after blocking gap junctions would not have the capability to transmit high temporal frequency information via the tertiary pathway, but a subset of OFF transient cells may be specialized to carry this sort of information.

In summary, our data suggest that in addition to significant contributions from the primary rod pathway, much of the remaining input into OFF α ganglion cells of the mouse retina involves transmission through gap junctions to cones. With optogenetic stimuli, the tertiary OFF pathway provides slow indirect input to most OFF RGCs but a subset of RGCs showed fast responses consistent with direct input from cone OFF bipolar cells. These fast direct connections may be particularly important for informing the brain about fast rod-mediated responses under mesopic conditions (65).
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Introduction

Gap junctions are dynamically modulated bridges allowing the transcellular passage of ions and small molecules with a molecular mass of up to 1 kDa, a mechanism utilized for molecular communication purposes by living cells. This same mechanism is also exploited by scientists to reveal the existence of gap junction contacts by the cell-to-cell movement of tracers. However, multiple labeling experiments require the availability of multiple gap junction-permeable tracers. 



Methods

To this end, we utilized the well-known transient OFF alpha retinal ganglion cell (RGC)-coupled array as a model system to study and compare the transjunctional movement of neurobiotin (NB), a commonly used tracer, and serotonin, a recently identified tracer. 



Results

Although the transjunctional movement of serotonin has been established in cell cultures, here we show, for the first time, that serotonin is also a potent tracer in in vitro tissue. In addition, serotonin is lighter than the classical gap junction-permeable NB, and thus, we expected that tracer movement would be comparable to or better than that of serotonin. We found that intracellular serotonin injections result in the labeling of the coupled transient OFF alpha RGC array very similar to those of the classical NB-labeled arrays. Both serotonin and NB-injected transient OFF alpha RGCs displayed the well-known pattern with coupled RGCs and a cohort of coupled wide-field amacrine cells (ACs). 



Discussion

By using morphological characteristics, we confirm that the serotonin and the NB-coupled AC arrays are identical, and thereby confirm that serotonin is a potent gap junction-permeable tracer and can be readily used as an alternative to NB in in vitro tissue. Moreover, serotonin can be utilized in parallel with other dyes or tracers, enabling the use of multiple labels in the same material.
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1 Introduction

It has been shown that electrical synapses (gap junctions) permit the transcellular diffusion of ions and low-molecular-weight compounds typically lighter than 1 kDa. Researchers over the past four decades have exploited lightweight dyes and tracer molecules to reveal gap junction connections between neurons of the nervous system, including cells in the vertebrate retina. Initial studies utilized fluorescent dyes such as Procion Yellow or Lucifer Yellow, but these experiments resulted in limited transjunctional diffusion owing to the relatively large size of the molecules and revealed only gap junction connections with exceptionally high transjunctional conductance, as in retinal horizontal cells (1, 2), whereas low-conductance gap junction connections remained undetected. The real breakthrough started with the discovery of biocytin and its derivatives, including neurobiotin (NB), which, thanks to their low weight (Mbiocytin 372 g/mol; MNB 322 g/mol), were able to pass through even the low-conductance inner retinal gap junctions (3–6).

Although the solutes of these compounds are not fluorescent, and they, therefore, fail to mark the primarily stained cell directly, their presence can be revealed by the use of the appropriate post hoc streptavidin histochemistry. In addition, horseradish peroxidase/diaminobenzidine-based histochemistry can be used to reveal NB staining in samples for transmission electron microscopy. The domination of NB as the most popular gap junction-permeable tracer has not declined, but a few additional tracer candidates have emerged in recent years. A seminal work by Mills and Massey, for example, provided evidence that a series of other biotinylated tracers can also be utilized (7); however, all members of this particular molecular arsenal are heavier than NB, thus reducing (or entirely impeding) their gap junction permeability. Moreover, like NB, these tracers are visualized by the same streptavidin histochemistry, and thus, they cannot be utilized for dual or multiple labeling alongside NB.

The discovery of the gap junction-permeable fluorescent tracer PO-PRO-1 (8) allowed for both multiple labeling (e.g., in combination with NB) and the direct visualization of injected neurons. However, the water solubility of PO-PRO-1 is satisfactory only after dissolving it in dimethylsulfoxide, thus hindering its use in functional studies. Alexa Fluor™ hydrazide dyes (ThermoFisher Scientific, Waltham, MA, USA) have been used as neuronal dyes to fill cells following electrophysiological examinations. Some Alexa Fluor dyes have been reported to diffuse from one cell to its neighbors in a gap junction-coupled array (9); however, their utilization seems to be restricted to only some of the dyes (Alexa Fluor 488 hyrazide) and to certain coupled arrays with relatively high gap junction conductivity [connexin (Cx) 45-coupled wide-field amacrine cells (ACs)]. While a generally applicable fluorescent gap junction-permeable tracer is yet to be discovered, another potential tracer (serotonin) has been tested. Recently (10), serotonin has been shown to pass between gap junction-coupled cells in cultures with sensitivity and mobility comparable to those of NB. However, other than in cell cultures, serotonin has not been tested in nervous tissue in vitro. To fill this gap, we used serotonin as a potential gap junction-permeable tracer in in vitro mouse retina preparation. We investigated the well-studied OFF alpha subtype of retinal ganglion cells (RGCs) that has been shown to maintain two sets of gap junctions, one connecting neighboring RGCs to a homologous RGC array and another that serves the communication of OFF alpha RGCs with nearby wide-field Acs (11–13). While this latter connection has been shown to depend on Cx36 protein subunits, the direct RGC–RGC connections likely comprise some, yet unidentified, Cx molecules (12, 14–16). In addition to their well-known gap junction-coupling pattern, OFF alpha RGCs are perfect candidates for systematic in vitro experimental studies, as their characteristic soma shape and size allow the experimenter to target them easily, even in the unstained preparation. In addition, the coupled OFF alpha RGC arrays have already been tested for the permeability of NB (11–13, 16, 17), Lucifer Yellow (18–20), and PO-PRO-1 (8), and have also been studied in pharmacological gap junction blockade studies (15, 21–23).

Here we follow up on this line of studies and provide further details on the gap junction-mediated molecular exchange between cells in the coupled OFF alpha RGC array. In this scheme, the delivery of either the classical tracer NB or the lower-molecular-weight alternative, serotonin, was tested. We found that serotonin injections into OFF alpha cells reveal a tracer-coupled array highly similar to those of the NB-stained arrays. This, therefore, indicates that serotonin is a potent alternative to NB as a transjunctional tracer. We also revealed an interference mechanism that impedes the movement of tracers across gap junctions when they are used in multiple tracer injections. This tracer interference was robust when tracers were injected from the same glass pipette [shown for Alexa Fluor 568 hydrazide dye (Alexa568) and NB] and also appeared when tracers were injected consecutively from separate micropipettes (shown for serotonin and NB). Altogether, serotonin in our hands proved to be a potential gap junction-permeable tracer that can be utilized in future in vitro studies of the vertebrate retina and, most likely, in studies of other brain structures.



2 Materials and methods



2.1 Animals and preparation

Adult mice (P30–90) from the Thy1-GCaMP3 mouse line (Jax, Strain #:017893) were used to target transient OFF alpha cells, which are recognizable because of their large soma and dendritic arborization. The mice were maintained in a 12/12 hours dark/light cycle; all experiments were carried out during the day, with dissections between 10 and 12 a.m. and after 12 hours of dark adaptation prior to experiments. The mice were deeply anesthetized with the inhalation of Forane (4%, 0.2 mL/L) and were then sacrificed using cervical dislocation. Eyes and retinas were removed under dim red illumination and hemisected anterior to the ora-serrata. The cornea, lens, vitreous humor, and pigment epithelium were isolated, and the resultant isolated retina was attached to a filter paper (Millipore, Merck KgaA, Darmstadt, Germany). Specimens were then placed in a superfusion chamber, mounted in a light-tight Faraday cage, and rinsed with an oxygenated (95% O2, 5% CO2) and heated (34°C) mammalian Ringer solution (pH 7.4). Animal handling, housing, and experimental procedures were reviewed and approved by the ethics committee of the University of Pécs (BA/35/51-42/2016 and BA02/2000-69/2017). All animals were treated in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. All efforts were made to minimize pain and discomfort during the experiments, and all procedures were carried out by obeying the 3R law.



2.2 Patch clamp recordings, dye injections

Patch clamp recordings were performed with an Axopatch 200B patch clamp (PC) amplifier (Axon Instruments Inc., Union City, CA, USA) and ECS-filled PC pipettes (≈20 MΩ; borosilicate glass, 1.5/0.84 mm ID/OD, WPI) in loose patch configuration (voltage clamp mode). Signals were digitized with a Digidata 1440A ADC (Axon Instruments, Inc.) and acquired with WinWCP software (John Dempster, University of Strathclyde, Glasgow, UK). Electrodes used for dye staining and stimulation were filled with ICS (20–30 MΩ borosilicate glass pipettes, 1.5/0.84 mm ID/OD, WPI). Electrodes were pulled with a P-87 micropipette puller (Sutter Instruments, Novato, CA, USA). The ICS contained 125 mM potassium gluconate, 8 mM NaCl, 0.6 mM MgCl2, 1 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, and 0.4 mM Na-GTP at pH 7.3 (KOH adjusted) and was supplemented with a combination of 0.5% A568-hydrazide and either 4% NB or 0 1% serotonin to fill up target cells via electroporation [NB: +65 mV pulses at 1 Hz (V = –50 mV; R = 90 MΩ); serotonin: –65 mV pulses at 1 Hz (V = 15 mV; R = 90 MΩ)].



2.3 Light stimulation

Light stimuli patterns were programmed in the PsychoPy free cross-platform software (24) and were then delivered by a high-definition LED projector through an ND2 filter and directly focused on the surface of the retina. To verify the identity of the transient OFF alpha cells, full-field and approaching stimuli were utilized. For full-field stimuli, full-field white (gv: 256) and black illumination (gv: 0) were alternated (cycle: 1 s, with 0.5 s white illumination and 0.5 s black illumination). For the approaching stimuli, a 40-μm black circle was projected over soma for 1 s. The diameter was then increased from 40 μm to 240 μm in 0.5 s (400 μm/s).



2.4 Post hoc histochemistry

To visualize NB-filled cells, samples were incubated for a minimum of 30 min. Tissues were then fixed in 4% paraformaldehyde solution for 15–25 min, washed with phosphate buffered saline (PBS), and blocked with CTA (5% Chemiblocker, 0.5% Triton X-100, 0.05% sodium azide in PBS) overnight, then incubated in Streptavidin Cy5 (Thermo Fisher Scientific; 1,500× dilution) in CTA overnight. Samples with serotonin-filled cells were processed for serotonin immunohistochemistry by applying anti-serotonin antiserum (Sigma-Aldrich, St. Louis, MO, USA, catalog number: S5545, 2,000× dilution) for 2 days and, following a thorough washing (4× in PBS), adding DyLight™ 405 AffiniPure Goat Anti-Rabbit (111-475-003) secondary serum to the tissue for fluorescent visualization. Washed retina samples were placed on slides mounted in VectaShield (Vector Laboratories, Newark, CA, USA) and cover-slipped for microscopy. In addition to tracer visualization, we also performed other immunohistochemistry experiments with the same protocol as the serotonin labeling for rabbit choline acetyltransferase (ChAT; ThermoFisher, PA5-29653, 1,500×) and rabbit hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 (HCN4; Alomone Labs, Jerusalem, Israel; APC-052, 1,500×).



2.5 Confocal microscopy and image processing

Retinal samples were scanned with a Zeiss LSM710confocal microscope with 20× (Z = 1 μm; Zeiss W Plan-Apochromat 20/1.0) and 63× objectives (Z = 0.5 μm; Zeiss Plan Apochromat 63/1.4) at high resolution and normalized laser intensity. Minor manipulations of brightness and contrast of images were performed in FIJI – ImageJ, NIH, and Adobe Photoshop CC (Adobe Systems Inc., San Jose, CA, USA).



2.6 Injected cell array reconstructions

Confocal z-stacks were imported into FIJI. After utilizing the Simple Neurite Tracer (25) plugin, all paths of each cell were traced. First, the soma was traced in concentric circles from the first to last virtual section in which it was present, then, originating from the soma path, further paths were traced to the upcoming intersection until the whole arbor was selected. Having selected all the paths belonging to each cell, the fill-out feature was performed, and the fill was exported as a grayscale image. The grayscale images were used for further analyses and, using the FIJI three-dimensional (3D) viewer plugin, 3D models were generated for visualization.




3 Results



3.1 Identification of transient OFF alpha ganglion cells in the mouse retina

The first line of experiments was carried out using the Thy1-GCamP3 mouse line, in which the GCamP3 construct is expressed under the control of the Thy1 (CD90, thymocyte 1 surface antigen) promoter, which labels approximately 70%–75% of all RGCs (26). First, the combination of Alexa568 and NB was injected into some (16 injected cells in six mice) large and bright RGC somata in the in vitro retina preparation under epifluorescent light (Λ = 488 nm). The Alexa568 staining provided immediate feedback that the injected cell displayed the characteristic transient OFF alpha RGC soma/dendritic morphology (Figure 1A; note that all injections were performed in transient OFF alpha RGCs in this study, but for simplicity, we refer to them as OFF alpha RGCs on several occasions). In addition to the Alexa568 staining, we were also guided by the transient OFF polarity light responses of targeted cells to a full-field stimulation as well as an attenuated and prolonged spiking as a response to an approaching stimulus (Figures 1B, C). Finally, we utilized post hoc immunocytochemistry for either ChAT or HCN4 to mark specific layers in the inner plexiform layer (IPL). The ChAT staining labels starburst ACs, whose narrowly stratified dendrites demarcate strata 2 and 4 in the IPL, provided us guidance for the precise stratification of injected and tracer-coupled cells. In addition to the ChAT labels, we also tested whether the injected RGCs co-stratified with the axon terminals of HCN4-positive type 3a OFF cone bipolar cells, another OFF alpha RGC characteristic (27) (Figures 1D, E). Only cells whose identity could be unequivocally confirmed by both the in vitro and post hoc histochemistry clues previously listed were utilized in the rest of this study.




Figure 1 | Identification of transient OFF alpha RGCs in the mouse retina. (A) Light microscopic image of an Alexa568-labeled OFF alpha RGC filled with a borosilicate glass pipette (visible as an out-of-focus structure at the bottom of the panel). (B) Spiking response of the alpha RGC (shown in panel A) to photopic full-field light stimuli. The bar on the bottom represents the duration (white) and the offset (black) of the stimulus, whereas the time stamps above represent individual responses of the targeted OFF alpha cell to six consecutive trials. The overlaid red curve is the peristimulus time histogram (PSTH) generated on the corresponding spike responses. (C) Spiking activity (black time stamps) and PSTH (red curve) of the OFF alpha RGC as a response to an approaching stimulus – a dark spot with an increasing diameter (from 40 μm to 240 μm in 0.5 s, equivalent of a 400 μm/s approaching movement, represented by the spots in the top right corner. (D) Face (top) and side (bottom) views of the result of the NB injection of the transient OFF alpha RGC (asterisk). The injected RGC and tracer-coupled nearby ACs (dashed arrows) and RGCs (arrows) are shown in white, whereas ChAT counter-labeled starburst cell processes and cell bodies are green. The ChAT-positive processes demarcate strata 2 and 4 (red lines to the left), and thus, the stratification of injected and coupled neuronal processes (white) could be determined. Dendrites of stained neurons are clearly located right below the stratum 2 OFF starburst processes. (E) Face (top) and side (bottom) views of another NB-injected transient OFF alpha RGC (asterisk). The injected RGC and tracer-coupled nearby ACs (dashed arrows) and RGCs (arrows) are shown in white, whereas HCN4 counter-labeled type 3a OFF bipolar cell axon terminals are red (the green line represents the IPL stratification level). The HCN4-positive processes clearly costratify with dendrites of the injected and coupled neuronal process (white). Scale bars in all images: 50 μm.





3.2 NB and serotonin tracer coupling of OFF alpha RGCs

In the first experimental design, we injected neighboring cells with either the classical neuronal tracer NB (n = 11; MW = 322.8 g/mol; Figure 2A) or the even smaller serotonin (n = 5; Mw = 176.215 g/mol) intracellularly into OFF alpha RGCs and revealed the coupling patterns via post hoc histochemistry. It has previously been reported that OFF alpha RGCs injected with NB display a characteristic tracer coupling pattern, including direct coupling to neighbor alpha RGCs and a cohort of nearby ACs (11, 13–15, 28). The tracer coupling patterns of the targeted RGCs in this study corresponded perfectly with previous observations of NB-coupled OFF alpha RGC arrays (Figure 2B). In a second cohort of injections, we replaced NB with serotonin in the internal solution. Serotonin has been shown by Hou and colleagues (10) to be a potentially useful gap junction-permeable tracer in cell cultures. However, to the best of our knowledge, serotonin has not previously been used as a neuronal tracer in in vitro tissue. In our study, following serotonin injection, the OFF alpha RGC targets were perfectly stained by the tracer and the full soma/dendritic morphology of the injected cells could be revealed. Based on the serotonin labels, our injected RGCs displayed an OFF alpha cell morphology identical to that of cells labeled with NB (Figure 2C). In addition to elucidating the morphology of the injected cell, the serotonin label also revealed serotonin-coupled direct neighbor RGCs and a cohort of ACs. Therefore, the serotonin and NB tracer coupling patterns of OFF alpha RGCs appeared identical for the initial investigations.




Figure 2 | Comparison of serotonin and NB coupling of OFF alpha RGCs in the mouse retina. (A). The chemical structures and molecular weights (MWs) of NB, serotonin, and Alexa568 compounds that were used in this study (Chemspider.com). (B). 1–4. Side (1) and face (2–4) views of serotonin-injected OFF alpha RGCs (white). Serotonin-coupled nearby RGCs (green) display a dendritic stratification level and morphology resembling the injected OFF alpha RGC. The somata and processes of serotonin-coupled ACs (yellow) display a wide-field morphology. (C). 1–4. Side (1) and face (2–4) views of NB-injected OFF alpha RGCs (white). Coupled nearby RGCs (green) display a dendritic stratification level and morphology resembling the injected OFF alpha RGCs. In line with previous descriptions (11, 12), the somata and processes of NB-coupled ACs (yellow) display a wide-field morphology. Scale bars: 50 μm.





3.3 Labeling interference of parallel injected tracers

Next, we performed dual tracer injections by dissolving both NB and serotonin in the internal solution to see whether the two tracers would mark a partially overlapping neuron population for the same RGC array. However, all these trials failed to deliver a tracer-coupled array as extensive as those of the previous injections in which either NB or serotonin was utilized alone. In fact, both tracer labels were unacceptable for further investigations of RGC coupling (not shown). The aforementioned experiments suggested that tracer molecules interfere with each other when they are injected simultaneously from the same glass pipette. It was unclear, though, whether this interference was due to an NB/serotonin-specific mechanism, or whether it was a more general phenomenon. To test this, we performed serotonin and NB injections (n = 3 and n = 5, respectively) into OFF alpha RGC targets, but this time, we omitted the Alexa568 that guided us during the in vitro manipulation under the fluorescent view (Figure 3A). This introduced an extra uncertainty into visual neuron targeting, but using the rest of the clues (i.e., soma morphology under the differential interference contrast microscopy (DIC), light responses, post hoc histochemistry), we were able to confirm that our injected neurons were in fact OFF alpha RGCs. We analyzed these NB-injected arrays and, to our surprise, the reduced concentration of Alexa568 resulted in a brighter and more extensive NB labeling of the injected OFF alpha RGCs (Figure 3B) than the injection of both Alexa568 and NB together. NB, when injected alone, stained a higher ratio of ACs with visible processes (P) [mNB = 0.63 ± 0.03 (SD), n = 5; mNBAlexa = 0.32 ± 0.09, n = 5) and the relative AC soma staining intensity was also higher (mNB = 0.53 ± 0.31, n = 69; mNBAlexa = 0.24 ± 0.31, n = 27) than when injected with Alexa568. In addition, the labeling of the coupled RGCs appeared stronger (a quantitative analysis was not performed) in cells injected only with NB, and their full dendritic structure was very often revealed (Figures 3C–E). Interestingly, this phenomenon was present in both in cells injected with NB and Alexa568 and in cells injected with NMB and serotonin, even though the iontophoresis of these tracers is done by opposing charges. This set of experiments, together with previous observations on NB/serotonin dual injections, indicated that tracers interfere with each other when injected in parallel, and this interference is likely a general phenomenon and not tracer specific because it occurred in both NB/Alexa568 and NB/serotonin injections.




Figure 3 | Interference in the diffusion of tracers/dyes injected simultaneously in the OFF alpha RGC array. (A, B) Images showing the results of OFF alpha RGC NB injections with (A) and without (B) Alexa568 (0.5%) in the internal solution. (C) Diagram displaying the ratio of coupled ACs and showing P (compared with the total number of coupled AC somata in the corresponding injection) with or without Alexa568 in the internal solution. Statistical analysis showed a significant (p < 0.05; asterisk) difference in the number of coupled ACs with or without Alexa568 in the pipette. (D) Diagram showing the relative brightness of coupled AC somata in 3 + 3 NB-injected OFF alpha RGC arrays with or without Alexa568. (E) Summary diagram showing the averaged brightness of coupled ACs of the 3 + 3 tracer injections shown in panel (D) Statistical analysis revealed a significant (p < 0.05; asterisk) difference in brightness between ACs with and those without Alexa568 in the pipette. Scale bar: 50 μm.





3.4 A single subtype of coupled ACs is revealed in both serotonin and NB-injected OFF alpha RGC arrays

Although the results of serotonin injection of alpha RGCs of (above) resembled the well-known results of NB injections, the somata of some serotonin-coupled ACs appeared somewhat smaller and more lightly stained than those in NB injections. However, this apparent discrepancy could be explained by the dissimilar labeling strength, and thus, a more elaborate, quantitative examination was necessary to reinforce (or reject) these qualitative observations. According to the classical descriptions, OFF alpha RGCs of the mouse retina display NB coupling to two cohorts of ACs with somata in the inner nuclear layer. One population has been reported to display medium-sized round somata and strong NB staining, whereas cells in the second population have relatively small somata and lighter staining, and the soma shape is often fusiform or triangular (11–13). The first AC population also displayed long straight dendritic processes that branched rarely, thus showing a typical wide-field AC morphology (we refer to this cell as type 1-coupled AC in this paper). However, dendritic staining of the putative second AC population has not previously been detected in any studies (we refer to this cell as type 2-coupled AC in this paper).

Here, we performed morphometric measurements on AC somata with two goals: (i) to find quantitative support for the existence of the two AC populations based on basic somatic features, and (ii) to find any dissimilarity between serotonin and NB AC coupling and/or tracer preference. We performed these measurements in four serotonin- and five NB-injected OFF alpha RGC arrays, which resulted in 37 serotonin- and 69 NB-labeled ACs in total. The measured parameters included (i) soma diameter, (ii) soma circumference, (iii) soma volume, (iv) labeling intensity (relative to the injected RGC), and (v) roundness (note that diameter, circumference, and volume are not independent parameters, and their mutual relations were, therefore, not examined) (Figure 4A). The findings of these measurements and the consecutive data analysis were twofold. First, AC somata largely separated into two populations whenever brightness was plotted against any other features (Figure 4B). However, ACs formed a single population when any permutation of the soma size (diameter, circumference, and volume) and roundness were plotted (Figure 4C).




Figure 4 | Morphometric analysis of tracer coupled ACs in the OFF alpha RGC array. (A) Schematic drawings show that the soma and primary dendrites of a reconstructed AC appeared coupled to an OFF alpha RGC (left) and display the measured morphologic features (circumference, area, volume, roundness, and brightness) of coupled AC somata. (B) Histogram displaying the fluorescent intensities of tracer-coupled ACs in the serotonin-injected (black) and NB-injected (red) OFF alpha RGC arrays as a function of the soma area (pooled data from four serotonin and five NB OFF alpha cell injections). While both tracers labeled ACs with various soma sizes equally, the fluorescence intensity appears to distinguish between a bright and a dim AC population in both injections. (C) Histogram displaying the roundness of tracer-coupled ACs in the serotonin-injected (black) and NB-injected (red) OFF alpha RGC arrays as a function of the soma volume. Neither serotonin- nor NB-coupled AC somata could be further divided based on these two characteristics. (D) Histograms show the frequency of AC somata with various relative fluorescence intensities (relative to the brightness of the injected OFF alpha RGC) in serotonin-injected (top) and NB-injected (bottom) arrays. AC somata in both injected arrays seem to be separated into dimmer (left side) and brighter (right side) somata; however, this distinction between the two populations was more obvious in the NB-injected arrays, while serotonin-stained coupled ACs more homogeneously. (E) The result of an analysis in which AC somata were sorted into two subpopulations depending on the presence (P) or absence (NP) of visible processes. Values of P and NP AC somata are normalized to the total number of coupled ACs in a certain array (P + NP) to compare values across injections. Based on the data, serotonin and NB showed no difference in the staining of coupled ACs. In both injections, ≈60% of the coupled ACs displayed some dendritic processes, while for the rest (≈40%), only the somata were visible. (F) Panels showing face and side views of ACs that appeared to be tracer coupled to either NB- (left) or serotonin-injected (right) OFF alpha RGCs. Green dashed lines mark the stratification level of HCN4-positive type 3a bipolar cell axon terminals in the IPL. Scale bar: 50 µm.



These results, therefore, indicated that labeling intensity (brightness) is the only soma feature to clearly separate ACs into two populations. This finding was equally true for labeled ACs in both serotonin and NB injections. Frequency analysis of coupled AC soma brightness appeared to reveal two populations, one with brighter somata and another with dim staining following both serotonin and NB tracer injections (Figure 4D). The only discrepancy between the two tracer labels is the relative homogeneous staining of coupled AC somata in serotonin injections, which resulted in a less complete separation of the two AC subpopulations in the diagram. In addition to the above quantitative measures, we also registered whether visible dendritic processes could be detected for the coupled AC somata. We found coupled ACs either with P or with no sign of processes (NP) both in cells injected with serotonin and in those injected with NB. When the numbers of the P and NP populations were compared, we found no difference in the ratios of P and NP ACs between serotonin- and NB-injected cells (Figure 4E); ≈60% of the tracer-coupled ACs displayed dendritic staining, whereas, in the remainder, only the somata were visible. The close similarity of the AC labels shows that serotonin and NB, when injected into OFF alpha RGCs, couple the same set of ACs, and therefore, the OFF alpha RGC/AC gap junctions show no signs of a preference for one of the two examined tracers. In addition to carrying out the above quantitative analysis, we also studied the dendritic morphology of ACs (only the P population) and found that the NB- and the serotonin-injected arrays appeared very similar (Figure 4F). The similarities included (i) the regularly placed somata in the inner nuclear layer (with only occasional displaced cells), (ii) the sparse branching and long wide-field dendritic morphology, and (iii) the co-stratification of AC dendrites with dendrites of injected RGCs in both the NB and the serotonin injections (also co-stratifying with HCN4-positive axonal terminals of type 3a bipolar cells).



3.5 The consecutive labeling of neighbor OFF alpha cell arrays

It has been shown that neighbor OFF alpha RGCs correlate their spiking outputs to maintain a population code to represent features of the visual scene (14, 15, 21, 29–34). It has also been indicated that various forms of these RGC spike correlations are gap junction dependent, as spike synchrony is disrupted by a pharmacological blockade of electrical synaptic transneuronal communication (14, 15, 34). In addition, the ablation of Cx36 gap junctions also deletes both spike synchronization and tracer coupling of RGCs, including those of OFF alpha RGCs. This indicated that RGCs form homologous gap junctions that allow for the two-directional transfer of information and material (e.g., tracer) between neighboring cells. However, it has never been directly determined whether RGC–RGC gap junctions also allow for the intercellular flow of tracer molecules in both directions or whether, on the contrary, some rectification takes place. In the above experiments, we found that serotonin can be utilized to replace NB in tracer injections and that it provides a cellular label comparable to those of classical NB injections. Therefore, these findings allowed us to perform dual tracer injections in direct neighbor OFF alpha RGC pairs (n = 3) under the epifluorescent view of the physiological microscope (Figures 5A, B show two such dually labeled OFF alpha RGC pairs). In these experiments, one OFF alpha cell was injected with NB, whereas its neighbor was injected with serotonin. We found that it was feasible to carry out such dual alpha RGC pair injections, and both injected RGCs were revealed by the tracers. In addition, the above-described serotonin and NB coupling patterns were revealed. However, we experienced some difficulty with these latter paired injections as either one of the labels (the serotonin or the NB injection) showed subnormal tracer coupling. At this point, it is uncertain whether this failure was due to the small number of repetitions or whether it was the result of tracer interference mechanisms similar to those described above. In fact, we found that regardless of the tracers, it was always the first tracer injection that revealed the well-stained coupled array, while the second tracer injection was less effective. In addition, NB always accumulated in the soma of serotonin-injected RGCs, showing that this putative interference is not complete and gap junctions between the neighboring alpha cells are still conductive.




Figure 5 |     Dual OFF Alpha RGC serotonin/NB injections. (A) 1–3. Image set showing the result of parallel injections where one alpha cell was injected with NB (green: NB primary) and one of its direct neighbors was injected with serotonin (red: serotonin primary). As in the case of previous injections, both serotonin- and NB-coupled arrays displayed tracer-coupled ACs (purple: NB coupled; yellow: serotonin coupled). Whereas panel a1 shows the two neighboring OFF alpha RGC arrays together in the same frame, panels a2 and a3 show the isolated serotonin- and NB-coupled arrays, respectively. This consecutive injection of the two tracers did not result in the accumulation of both serotonin and NB tracers in the same ACs. Note that NB, in addition to diffusing into nearby ACs, also diffused into the serotonin-injected RGCs (large purple soma in the middle-bottom of panel a3). (B) 1–3. Image set showing the result of another paired injection in which serotonin and NB were injected into the somata of two neighboring OFF alpha RGCs. Whereas NB diffused into the serotonin-injected RGC soma, the cell body of the NB-injected RGC was dislocated as the labeling pipette was pulled back (large green soma in the top left corner), impeding the transcellular diffusion of serotonin into this cell. Although the NB injection was more successful in panel (A) serotonin injection was better in panel (B), but neither of the two injections resulted in dually stained coupled ACs. Scale bar: 50 μm.






4 Discussion

In this study, we utilized two canonical neuronal dyes, Alexa568 and NB, to mark selected OFF alpha RGCs to reveal their soma/dendritic morphology and to characterize their electrically coupled arrays as well as tracer diffusion. In addition, we included serotonin in our new investigation to test if this newly recognized gap junction-permeable tracer can be utilized in in vitro retina tissue, particularly our recent target cell, the OFF alpha RGC.



4.1 Serotonin is a potent transjunctional tracer in the in vitro tissue

Hou and colleagues (10) have recently shown that, by virtue of its low molecular weight, serotonin can be utilized as a transjunctional tracer in experiments, either supplementing NB or substituting for it. According to the authors, serotonin passed through gap junctions formed between cultured HeLa cells. This serotonin coupling, in conjunction with NB coupling, was eliminated pharmacologically by canonical gap junction blockers. We found that a similar serotonin injection into our target OFF alpha RGC resulted in a successful intercellular coupling and revealed a corresponding gap junction coupled array. This serotonin coupling, in fact, resembled those seen in NB-injected OFF alpha cells, displaying both coupled neighboring alpha cells and a cohort of nearby ACs. Thus, for the first time, we showed that serotonin is a potent neuronal tracer in in vitro tissue experiments. The original mouse OFF alpha cell gap junction coupling descriptions (11, 12) reported two sets of NB-coupled AC arrays, one set with larger round somata and a second set with smaller, lightly labeled somata reminiscent of those we show here. The existence of the same two, dim and bright, coupled AC populations was evident following injections of serotonin tracer. The great similarity of serotonin- and NB-injected OFF alpha cell arrays observed was somewhat surprising to us. Although the molecular weight of serotonin is lower than those of NB, their water solubilities were very different. NB is hydrophilic and dissolves easily; however, we had to make extra efforts to dissolve serotonin in the internal solution and to keep it dissolved to perform intracellular injections. This is in line with reports describing the water solubility of these two molecules: NB (typically used in 2%–4% solution) is water soluble up to 10% (100 mg/mL, Vector Laboratories), whereas the water solubility of serotonin is considerably lower (17 mg/mL, Sigma-Aldrich; note that the greater water solubility of NB reflects the fact that a higher concentration of tracer can be used for injections, thus potentially increasing the sensitivity of the post hoc histology). Therefore, our observations indicate that solubility in water is not among the factors that significantly determine gap junction permeability. However, a clear conclusion regarding the correlation of water solubility and gap junction permeability can only be drawn after a thorough examination of several molecular compounds, and Mills and Massey (7) performed a meticulous line of experiments to show how molecular weight affects the transjunctional conductance of various biotinylated tracers.



4.2 Interference of tracer labels in the OFF alpha RGC array

We concluded that tracers injected in parallel interfere with each other. This conclusion was based on several observations. First, we failed to obtain acceptable tracer coupling in experiments in which we co-injected serotonin and NB from the same pipette. In these experiments, most often, one or the other tracer labeled the injected cell only (or just the soma), although a quantitative analysis was not performed. This somewhat contradicts the findings of Hou and colleagues (10), who found that both serotonin and NB successfully passed through HeLa cell gap junctions. However, there are two major differences between our work and the previous study by Hou and colleagues (10). Whereas Hou and colleagues performed their tests in cell cultures, our investigations were carried out in tissue in vitro, where conditions were closer to physiological. In addition, the HeLa cells in the experiments by Hou and colleagues maintained gap junctions constituted partially by Cx43 subunits, which have been shown to provide high transjunctional conductivity [2 μS (35)], whereas the conductance of Cx36 gap junctions in OFF alpha RGC arrays in the rate retina is ≈1,000× lower [1.35 nS (17)]. This discrepancy in gap junction conductance may result in a dissimilar transjunctional tracer diffusion in these two gap junction-coupled systems when tracers are co-injected. A second observation involved NB and Alexa568 injected from the same glass pipette. Alexa dyes are generally used (including in our laboratory work) with NB in the same internal solution, with successful staining of coupled RGC arrays. Therefore, the interference of Alexa568 with NB is not as severe as what we observed when using serotonin and NB together. Nevertheless, when we compared labels of both NB and Alexa568 (0.5%) with those injected with NB only, we observed a clear quantitative difference. When NB was applied alone, both the labeling intensity of individual cells and the number of coupled cells with P were greater than in cells injected with the mixture of NB and Alexa568. The background of this labeling interference is yet unknown, but the two compounds have a somewhat different overall charge, as NB is positively charged (36), whereas the Alexa dyes are negatively charged (37). For this reason, the two compounds require opposite polarity currents to iontophorize targeted neurons, and thus, a certain current polarity needed for one of the compounds may impede the diffusion of the other. In addition, it is also possible that the two oppositely charged molecules electrostatically attract each other or form transient  molecular assemblies (i.e., pairs or larger conglomerates), thereby impeding the diffusion of both compounds. A similar tracer interference has been observed when positively charged NB and negatively charged Lucifer Yellow are used in combination in the same injection (previous observations, not shown here). Therefore, such tracer interference must be considered when future tracer labeling experiments are designed.



4.3 OFF alpha RGC functionality

In this study, OFF alpha RGCs were used as a model system to describe serotonin as a potential gap junction-permeable tracer in the in vitro retina. We performed a morphometric analysis in the somata of both serotonin- and NB-coupled ACs to provide quantitative evidence of the existence of the two AC populations and to find any selectivity of our tracers (NB and serotonin) to preferentially stain either of these populations. The results of this analysis failed to separate the ACs into two (or more) populations, as the available morphological features showed a continuum of values. Our quantitative analysis resulted in two main findings. First, we not only found that serotonin-injected OFF alpha RGCs were reminiscent of their NB counterparts, but also that the coupled arrays shared most quantitative measures, including the same type (based on AC soma parameters) and number of coupled cells and similar staining intensities, and showed processes of the same coupled ACs. Second, using the morphological features in our analysis, fluorescence intensity was the only feature that separated tracer-coupled AC somata into two subpopulations in both the NB-injected and serotonin-injected alpha RGCs. Although coupled ACs with bright somata often displayed labeled dendritic processes that clearly identified them as wide-field ACs, the identity of the dimmer coupled cells that showed no visible processes remains unknown. This second cohort of coupled ACs shares many morphological features with the previous wide-field cells, including soma size and shape (round). This suggests that the two populations are members of the same AC subtype and that the differential labeling intensity is the result of some other factor that determines the amount of tracer flowing through gap junctions from the injected RGC. However, the separation of the two populations is robust in the frequency histograms, and this separation is apparent in both cohorts of tracer injections (i.e., serotonin and NB). Therefore, based on these seemingly contradicting observations, we cannot draw a clear conclusion and leave it to future work to reveal whether the two AC populations are members of two distinct subtypes with many morphological features, or whether they belong to the same cell type and bright and dim cells represent two different functional states. In this latter case, gap junctions of the dim and bright AC populations are in low and high transjunctional conductance states, respectively.
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Starburst amacrine cells are a prominent neuron type in the mammalian retina that has been well-studied for its role in direction-selective information processing. One specific property of these cells is that their dendrites tightly stratify at specific depths within the inner plexiform layer (IPL), which, together with their unique expression of choline acetyltransferase (ChAT), has made them the most common depth marker for studying other retinal neurons in the IPL. This stratifying property makes it unexpected that they could routinely have dendrites reaching into the nuclear layer or that they could have somatic contact specializations, which is exactly what we have found in this study. Specifically, an electron microscopic image volume of sufficient size from a mouse retina provided us with the opportunity to anatomically observe both microscopic details and collective patterns, and our detailed cell reconstructions revealed interesting cell-cell contacts between starburst amacrine neurons. The contact characteristics differ between the respective On and Off starburst amacrine subpopulations, but both occur within the soma layers, as opposed to their regular contact laminae within the inner plexiform layer.
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Introduction

An abundant and well-studied cell type in the mammalian retina is the starburst amacrine cell (SAC). These are named for the characteristic starburst shape of their dendritic trees (1, 2). They exist in two homologous subgroups: On SACs have their cell bodies in the ganglion cell layer and primarily respond to bright light stimuli, whereas Off SACs have their cell bodies in the inner nuclear layer and are better associated with the transition of stimuli from light to dark. Initially identified as the acetylcholine-synthesizing cells in the retina (2–4), these cells have well-known identifying molecular labels (5, 6), and their dendrites are narrowly stratified (1, 7), making SACs the most commonly used location-referencing landmarks for studying cells in the context of the inner plexiform layer (IPL) of the retina (8, 9).

By densely reconstructing and examining 199 starburst cells from an electron-microscopically (EM) imaged volume of a mouse retinal patch (10) in a similar manner to that previously reported (11–13), we discovered interesting contact patterns.

Specifically, these contacts are located on the cell bodies of other starburst cells from the same On or Off subgroup. This is surprising because SACs have their dendrites tightly stratified in the IPL and normally make synapses and contacts with each other and with other types of cells via their dendrites within the IPL, as opposed to in the nuclear layers (14–16). We found morphological characteristics specific to each of the two respective subpopulations.

Previous studies on SAC dendritic connections have mostly focused on specific cell examples in relation to their neighbors and made localized observations on specific dendritic regions of interest (e.g., 7, 10, 17, 18). Population-level observations, such as those on spatial somatic arrangements, have largely compared wild-type to transgenic strains and have not or were unable to comprehensively inspect individual contact sites or microscopic details (6, 19). Here, the population of SACs reconstructed at EM resolution within the same retinal patch provides a perspective on both the global pattern and microscopic details combined.





Results




Ascending climbing dendrites of Off SACs

We found an interesting type of contact between Off SAC cells that involves the dendritic termination of one Off SAC and the soma and/or proximal dendrites of another Off SAC. These terminating dendrites veer towards the inner nuclear layer (INL) and, in many cases, travel almost parallel to the light axis (Figure 1A). This is unexpected because Off SAC dendrites normally stratify at a particular depth in the inner plexiform layer (IPL) and also terminate at that depth. The terminating dendrite often travels in contact with a proximal dendrite of the partner Off SAC, and if it reaches the partner cell’s soma, it typically spreads into a lump as it terminates (Figures 1B–D; Supplementary Figure 2). A majority of Off SAC cells (59 out of 96) in our dataset display this type of outbound and/or inbound contact with one or more other Off SAC cells. Within these 59 cells, 38 radiate as many as 3 contacts each (1.3 ± 0.6, mean ± s.d.) to other cells, and 39 somas receive as many as 4 (1.3 ± 0.6, mean ± s.d.) contact patches from other cells.




Figure 1 | Off SAC contact pattern. (A) Tangential view of a 3D-reconstructed Off SAC. An ascending dendrite (arrow) veers off from the dendritic stratification and into the inner nuclear layer (INL). (B–D) In each of these 3D perspective views, attached to the soma or basal dendrite of an Off SAC, we see ascending dendrites (arrows) from other Off SACs like in (A), usually climbing along the perisomatic dendrite. (E) Spatial distribution of the somatic origin and attachment points of these ascending dendrites in the retinal patch (flat-mount view). Each line represents the dendritic branch starting from the originating cell’s soma (the bare end of the line) and grasping onto the targeted cell’s perisomatic membrane (the bulged end of the line as a dot); black triangles are soma locations of all reconstructed Off SACs with soma inside the retinal patch. (F) Histogram showing the distribution of these ascending dendrites’ dendritic reach, defined as the planar distance from the ascending dendrite’s originating soma to the soma where it terminates. Minimum, quartiles, and maximum: 9, 81, 97, 104, and 137 μm. (G) The density recovery profile, for all Off SAC somas, regardless of whether any ascending dendrite contact or not, is defined as the average density of somas at given distances from any given soma (20). (H) A mini region of the plasma-membrane-stained retina sample, shown as a sectional electron micrograph near the locations pointed to in (D), overlaid with the respective reconstructed cells’ colors matching panel (D). Scale bars: 50μm (A); 100μm (E); 3μm (H).



While no obvious pattern was seen (Figure 1E) in these perisomatically contacting Off-SAC to Off-SAC branches, we do see that the two cells in each contacting pair are rarely close to each other in terms of their somatic locations (Figure 1F). This can be attributed to the fact that in the flat-mount planar view, these contacts are often located near or at the most distal end of the dendrites. Of the 52 pairs of contacts we observed, the dendrite was reaching for the SAC soma nearest to the originating soma in only one case, while all other pairs were more than 60μm apart by soma distance (Figure 1F). In comparison, the density recovery profile (20) representing the distribution of all Off SAC somas had already reached a plateau at a distance of approximately 20-25μm (Figure 1G), indicating that the closest SAC neighbor of a SAC was almost always less than 20μm away.





Direct contacts and short processes bridging On SAC somata

We also found interesting contacts at the somas of On SACs. Retinal neurons from a single-cell-type population, including SACs, were often considered to be more or less regularly spaced, forming a so-called mosaic arrangement, and rarely touch each other at the soma (8, 20, 21). However, in a prior study of SAC populations, Whitney et al. (19) reported a higher number of "close-neighbor pairs" in the ganglion cell layer (On SACs) than in the inner nuclear layer (Off SACs). Consistent with this observation, we found On SACs often paired up next to each other in the ganglion cell layer (Figures 2A, B). Unexpectedly, we noticed the pairs formed intertwined short twigs at the contact between the two somas (Figure 2B). In our specimen, 37 out of the 103 On SACs formed 19 adjoining pairs, with 14 pairs judged to have directly abutting somas (Figure 2B and Supplementary Figure 1) and the remaining 5 pairs having dedicated short branch(es) reaching between the two somas from within the ganglion cell layer (Figure 2C). We consider two cells as a pair only if one of these two preceding forms of contact is present, directly within the ganglion cell layer between the two 3D-reconstructed cells. All pairs have flat-mount center-to-center soma distances within 17μm, and those for directly abutting pairs are all within 13μm (9 ± 2, mean ± s.d.). For reference and comparison, our On (and Off) SAC population has soma diameters of ~9μm measured spherically, computed from soma volume as if each soma was a perfect sphere (soma volumes: 413 ± 30 μm3, On SACs; 389 ± 21, Off SACs; mean ± s.d. It should be noted that there is an uncorrected 7% linear shrinkage from the tissue preparation for EM imaging in all measurements, as detailed in the Methods section). The soma diameter of SACs measured under light microscopy was reported to be 10 (19, 22) to 11 μm (23). All pairs exhibit twigs intertwined to various degrees, with the least prominent form being short stubs protruding from the cell body, hugging, or protruding into the other cell body (Supplementary Figure 1).




Figure 2 | On SAC distribution and contacts. (A) Distribution of On SAC somas (colored objects are the 3D-reconstructed full or partial somas) in a flat-mount view of the retinal patch. (B) A pair of contacting On SACs form twigs at their soma contact (also in the background are somas of other On SACs, often incompletely reconstructed due to dataset boundaries). (C) A pair of On SACs that were next to each other in flat-mount view (top) did not have direct soma contact but were instead bridged by a short process between the somas (additional views in the middle and bottom panels). The two somas were separated by an axon bundle (illustrated by a cylindrical shape overlay within the bottom left panel) of retinal ganglion cells. Scale bars: 100μm (A); 50μm (C).



Whitney et al. (19) argued that closer neighbor pairs were formed by cells displaced during development by fascicles of optic axons and retinal vasculature from their original mosaic-proper locations. However, we have seen an example pair of two On SAC somata straddling an optic nerve fascicle, and they still have a dedicated short process bridging them (Figure 2C). Optic nerve fascicles can be a hindrance to forming pairs of cells abutting each other and are therefore unlikely to be the cause of such formations. Another pair wrapped around a blood vessel, covering about 200 degrees of the blood vessel’s cross-sectional circumference. The blood vessel failed to cleanly separate the two somas, which remained touching hands (data not shown). Combined with the intertwined twig-like structures present in all pairs, these observations suggest that the formation of pairs may have functional or developmental significance. The occurrence of pairs was also reported in the rabbit in the ganglion cell layer (On SACs) and not in the inner nuclear layer (Off SACs) (24), and similar higher rates of occurrence in the ganglion cell layer can be observed from published figures and images for cat retina (Figure 4 in 21) and rabbit retina (25; Figure 7 in 26).






Discussion




Off SAC perisomatic contacts

Ray et al. (6) studied SAC development and reported that Off SACs establish dendrite-soma contacts during radial migration and assume transitory bi-laminar dendritic morphology that includes a soma-layer lamina with soma-layer SAC-SAC contacts upon completion of the migration. These soma-layer contacts, however, are mostly eliminated by day P3. It is possible that the dendrite-soma contacts we observed are remnants of these developmental processes. The retinal dataset we have is from a wild-type (C57BL/6) mouse of age P29 (10). On the other hand, the perisomatic contacts we observed were rarely (1 out of 52, Figures 1F, E) between two close-by neighboring Off starburst cells. These ascending dendrites are usually far away from their originating somata and are close to, or themselves are, the far terminating tip of the SAC dendrite carrying them. There are therefore usually several cell bodies of other starburst cells between the two cell bodies of the contacting pair of this kind. This is in contrast to the soma-layer contacts that Ray et al. (6) reported, which were exclusively between neighboring SACs.

SACs are particularly important for direction-selective information processing in the retina. Within individual starburst cells, different dendrites are known to function quite independently of each other in experiments examining light-evoked responses (17, 18, 27, 28). The occurrence of our ascending-dendrite contacts becomes quite rare if we compare against the total number of distal dendrites rather than the number of cells, i.e., if we were to regard these dendrites just like other (independently functioning) distal dendrites and if they relay and compute just the same kind of information a regular SAC distal dendrite relays. This rareness and perceived insignificant contribution can call for an argument that light-invoked responses are less likely to be the affected functional targets, except for perhaps long-range interactions across the retina or extremely local information where a single ascending dendrite should dominate all.

This known functional independence of individual dendrites pertains to light stimuli (with spatial details) but does not preclude potentially non-independent regulatory functions, for example, for developmental purposes. The fact that these contacts are on the cell bodies hints at a more cell-centric function than a local dendritic-centric function.

Not all Off SAC cells were observed to have this type of contact on them. However, with the extremely high coverage factor of starburst cells in the retina (exceeding 30; 29), just a small portion of these cells would already have the capacity to cover the entire retina.





On SAC short bridging processes

In Ray et al. (6), similar to Off SAC dendrite-soma contacts, On SACs also made soma layer projections between days P0 and P3 that contacted neighboring SAC somata. The transcellular signaling protein Megf10 was found to promote the formation of the dendritic sublayer within the inner plexiform layer and the elimination of arbor projections in the soma layer by P3. The same protein additionally controlled the development of proper mosaic spacing of somas beyond P3 (6, 23). It is possible that the bridging processes we found were to help push neighboring somas apart before they eventually degenerate or retract, but such a possibility is remote given that the somata in these pairs we saw were all immediately adjacent to each other in the flat-mount projection view, constituting a gross violation of the frequently acknowledged near-soma dead zone (20, 30) or mosaic rule (25, 31). Abutting On SAC soma pairs were not specifically reported by Kay et al. (23) but were indeed visible and frequent in Figure S3 for wild-type mice, making our observations consistent with theirs.

Ray et al. (6) additionally observed single unbranched processes extending from the somata, ~180˚ away from the IPL. These 180˚ arbors were reported to be sometimes still present in P5 SACs and were considered to be fundamentally different from the tangentially projecting soma-layer neurites in the developing retina. The bridging processes in our P29 retina are also unbranched and in principle could also potentially be related to this second class of unusual processes.

With only morphological and patterning information available from this dataset, we can only speculate about the function or origin of these soma-layer contacts between close neighbors. Interestingly, a recent report documented that a fraction of On SACs fire (sodium-channel mediated) action potentials during cholinergic and glutamatergic retinal waves in the postnatal days. Specifically, only On SACs, and not Off SACs, were found to exhibit this spiking property, although the proportion of the firing subset decreases with age (32). We speculate that the shorter distance and the intertwined twigs in our On SAC pairs may be related to this spiking phenomenon by way of better electrical coupling between these cells, which are known to be mutually excitative in the postnatal days to generate the retinal waves (33). Non-synaptic cell-to-cell communication via nanotubules has been reported in various cell cultures (34, 35), and can form between cultured neurons (36, 37), and was recently reportedly found in situ between an astrocyte and a cortical neuron (38). However, it is unclear why the twigs between our On SAC cells would often need to be tortuous, entangled, and spatially clustered if they were nanotubules. These twigs at the contact surface or the end of short processes are perhaps more consistent with the morphologies of some of the synaptic invaginations in certain specialized forms of synapses (Supplementary Figure 1) (39, 40).

For mammalian retinal cells, there have been a few reports of perisomatic contact specializations or synapses. These include synapses from photoreceptor somata (41, 42), ribbon synapses from calbindin-positive rabbit ON cone bipolar cells (43), and somato-dendritic, somato-somatic, and dendro-somatic synapses from amacrine cells to amacrine cells, bipolar cells, and ganglion cells of non-specific types (44–47). Tyrosine hydroxylase positive (TH+) amacrine cells assemble perisomatic rings on multiple retinal amacrine cell types, including on SACs and characteristically on AII amacrine cells (48, 49). AII amacrine cells in turn form somatic synapses onto both sustained and transient Off-alpha ganglion cells (50). Both an Off-alpha and an Off-beta ganglion cell from a cat retina were found to receive amacrine cell synapses on their somata, which were presumed to be inhibitory (51). Mouse On-Off direction-selective ganglion cells have been identified to receive GABAergic somatic innervation from amacrine cells (52–54). A recently identified sparsely branched SB3 ganglion cell (55) and a bistratified GABAergic amacrine cell (56) in a rabbit retina received amacrine cell inputs on their somata. Lastly, it was recently demonstrated that TH+ cells in rat retinas have both excitatory and inhibitory synaptic receptor-expressing sites on their somatic surfaces (57). In our image volume, another form of perisomatic contact we have observed in a few cases was long-range traversing beaded single branches, making contact on somata of Off SACs and other amacrine cell types, possibly originating from TH+ cells. In the brain, perisomatic synapses are relatively well-known for the GABAergic network, especially the perisomatic clusters and rings (baskets) formed by basket cells (58).

Our reconstruction is known to be incomplete within the nuclear layers due to the dataset boundary and because the automated convolutional neural network algorithm that facilitated our reconstruction was not especially well-trained for the deep nuclear regions. The branches in both cases of the SAC subpopulations are thin and can be missed due to staining gaps or just proofreading oversights. For the On SACs, it is possible and likely that we missed some of the connecting branches, especially overpassing the data boundaries at the ganglion cell layer. For the Off SACs, it is also possible that we missed certain contacting patches if these dendrites reach well into the inner nuclear layer. However, the novel contacts we found are still abundant and are not unique cases of random mutations.

While it is not entirely surprising that electron microscopic reconstructions give finer views into the complex network of neuronal connections, we were still amazed by these novel contacts that had not been reported by prior studies. We believe the reasons why these were never reported before are twofold: first, in light microscopy, these cells need to be filled sparsely or differentially in order for these climbing dendrites and contacts to be seen, and staining efficiency and the signal-to-noise ratio become limiting factors in recognizing these contacts at the far-tip. Electron microscopy does not have these limitations but is typically done in tiny volumes. Second, neither light nor electron microscopy was traditionally volumetric, and these contacts only become apparent when a fully 3D visualization is employed, which is advantageous compared to single-section visualizations.

Due to historical reasons, this particular electron microscopy (EM) volume we used did not have intracellular staining, and we were unable to identify these nuclear-layer contacts as synaptic or otherwise (Figure 1H). Further studies of the subcellular structure and molecular identities are warranted for these special SAC-SAC contact sites.






Methods




EM image volume

The raw EM dataset was the e2198 volume from 10. Briefly, the dataset was from the retina of a P29 wild-type C57BL/6 mouse, and the tissue was fixed and specifically stained for plasma membranes. A 0.3 × 0.35 mm2 patch of retinal tissue was imaged by serial block-face electron microscopy from the ganglion cell layer to the inner nuclear layer and resulted in the e2198 EM volume with a spatial resolution of 16.5 × 16.5 × 23 nm/voxel. After examining the dimensions from previous two-photon calcium imaging microscopy of the same retinal tissue in the live state (10, 13), we found a tissue shrinkage of approximately 7% due to the preparation for EM imaging. Consistent with all previous publications using this EM volume, we chose to report all dimensions without correction for this shrinkage factor. Plasma membranes appear dark in the image volume, but intra-cellular membranes or organelles were not visible.





Neuron reconstruction

Neurons were mostly reconstructed using the online citizen science game Eyewire.org, as reported in previous publications (11–13), and as part of more recent campaigns in the game. Additional efforts were also made to search for characteristic Off SAC patches and climbing dendrites on some somas where no incoming SAC contact had yet been observed; when such patches or dendrites were found, their locations were inserted into the Eyewire system as seeds for reconstruction. A small number of these found instances were back-traced to existing SAC reconstructions where the branches had previously been missed or mistaken for reconstruction errors due to their unusual course of extension. A number of them resulted in the reconstruction of full starburst cells that had not yet been reconstructed in the normal course of campaigns in the Eyewire game at the time.

Soma size computations were performed in the same manner as described in 13.





Density recovery profile of Off SAC somas 

We computed the density recovery profile (20) in (Figure 1G) using all Off SAC somas as reference points, including those closer to the dataset boundary.

First, we computed all pairwise flat-mount planar distances between Off SAC somas and binned them into 5μm bins. Without normalization, this would result in a traditional histogram plot. We then normalized each bin count by dividing it by the area of the rings at the given planar distance from SAC somas in the dataset (respecting dataset boundaries, as seen below), thereby obtaining the density recovery profile. Each pairwise distance was counted twice due to the symmetric relationship between the two members of each pair.

For the inclusion of somas closer to the boundary, we did not use the method of correction factors (20), which uses mean effective sampling areas and relies on the assumption of a relatively uniform distribution of reference points, which would be entirely reasonable if the number of reference points was large enough. Instead, the concentric annuluses centered at each soma location were intersected with the bounding rectangle of the soma centers of these SACs, to produce the actual intersection areas which are used for the normalization described in the previous paragraph.
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Amacrine cells are a highly diverse group of inhibitory retinal interneurons that sculpt the responses of bipolar cells, ganglion cells, and other amacrine cells. They integrate excitatory inputs from bipolar cells and inhibitory inputs from other amacrine cells, but for most amacrine cells, little is known about the specificity and functional properties of their inhibitory inputs. Here, we have investigated GABAA receptors of the AII amacrine, a critical neuron in the rod pathway microcircuit, using patch-clamp recording in rat retinal slices. Puffer application of GABA evoked robust responses, but, surprisingly, spontaneous GABAA receptor-mediated postsynaptic currents were not observed, neither under control conditions nor following application of high-K+ solution to facilitate release. To investigate the biophysical and pharmacological properties of GABAA receptors in AIIs, we therefore used nucleated patches and a fast application system. Both brief and long pulses of GABA (3 mM) evoked GABAA receptor-mediated currents with slow, multi-exponential decay kinetics. The average weighted time constant (τw) of deactivation was ~163 ms. Desensitization was even slower, with τw ~330 ms. Non-stationary noise analysis of patch responses and directly observed channel gating yielded a single-channel conductance of ~23 pS. Pharmacological investigation suggested the presence of α2 and/or α3 subunits, as well as the γ2 subunit. Such subunit combinations are typical of GABAA receptors with slow kinetics. If synaptic GABAA receptors of AII amacrines have similar functional properties, the slow deactivation and desensitization kinetics will facilitate temporal summation of GABAergic inputs, allowing effective summation and synaptic integration to occur even for relatively low frequencies of inhibitory inputs.
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Introduction

Inhibitory interneurons of the inner retina play a critical role in neural computations that establish parallel channels of visual information (reviewed in (1)). These neurons, called amacrine cells, make inhibitory synapses onto bipolar and ganglion cells, as well as other amacrine cells, with multiple microcircuit motifs of feedforward, feedback, lateral, and reciprocal inhibition (reviewed in (2)). Of the ~60 different types of amacrine cells that have been identified in mammalian retinas (3, 4), AII amacrine cells are the most numerous (5) and arguably also the most extensively studied (reviewed in (2)). The AII contributes to both scotopic and photopic vision by providing a crucial feedforward pathway between rod bipolar cells and ON- and OFF-cone bipolar cells and by mediating a cross-over inhibition between the ON and OFF pathways (reviewed in (6)). A recent study suggested that the AII amacrine has the most complex “interaction repertoire” of any neuron in the central nervous system (CNS), with connections to at least 28 different cell types (7).

To understand synaptic integration in AII amacrines, we need to determine the location and identity of chemical (excitatory and inhibitory) and electrical synaptic connections. Excitatory, glutamatergic input is provided by rod bipolar cells at AII arboreal dendrites (8–11) and by OFF-cone bipolar cells at AII lobular dendrites (10, 12–14). For both locations, there is evidence that the input is mediated by AMPA-type non-NMDA receptors with relatively high Ca2+ permeability (15–18). AII amacrines also express NMDA receptors (19–22), evidently with an exclusive extrasynaptic location (23).

In contrast to the excitatory input, much less is known about the inhibitory inputs to AII amacrines. Ultrastructural studies have provided evidence for input to AIIs from other types of amacrine cells, presumably inhibitory, at multiple locations. These include the transition between the soma and apical dendrite, the apical dendrite itself, the lobular dendrites and appendages, and the arboreal dendrites (7, 10, 11). Although little is known about the cellular identity and functional properties of these inputs, it is likely that they represent both glycinergic input from narrow-field amacrines and GABAergic input from wide-field amacrines. Whole-cell recording has provided evidence for glycinergic synaptic input to AII amacrines (24, 25), but the cellular identity of these presynaptic glycinergic neurons is as yet unknown.

Concerning potential GABAergic input to AII amacrines, there is electrophysiological evidence that GABA evokes a response with pharmacology characteristic of GABAA receptors (20, 22, 24, 26). A series of studies have provided evidence for the cellular identity of putative GABAergic inputs to AII amacrines. First, light- and electron microscopy revealed synaptic specializations between processes of dopaminergic amacrine cells and the transition between the soma and apical dendrite of AIIs (27). These contacts were originally interpreted as dopaminergic synapses (27–30), but subsequent work revealed that dopaminergic amacrines may release GABA in addition to dopamine (31–33), with immunolabeling for GABAA receptors at synapses between dopaminergic and AII amacrine cells (34), suggesting that the connection is GABAergic. In addition, a recent study of mouse retina with serial-section electron microscopy found extensive input from the presumably GABAergic NOS-1 amacrine cell (35) to AII arboreal dendrites (36). Consistent with this, optogenetic depolarization of NOS-1 cells evoked a GABAA receptor-mediated response in AIIs (36). Despite the extensive evidence for GABAergic input to AII amacrines, little is known about the physiological and pharmacological properties and the molecular identity of the GABAA receptors expressed by these cells.

In this study, we used electrophysiological recording to investigate the functional properties of AII GABAA receptors. Surprisingly, but consistent with an earlier study from our laboratory (24), we did not observe spontaneous or evoked postsynaptic currents mediated by GABAA receptors in AIIs. However, analysis of GABA-evoked responses in AII nucleated patches suggested the presence of GABAA receptors with very slow decay kinetics and apparent single-channel conductance of ~23 pS. Together with the pharmacological properties, this suggested the presence of GABAA receptors with α2 and/or α3, as well as γ2 subunits.





Materials and methods




Retinal slice preparation and visual targeting of neurons

General aspects of the methods have previously been described in detail (17, 24). The use of animals in this study was carried out under the approval of and in accordance with the Animal Laboratory Facility at the Faculty of Medicine at the University of Bergen (accredited by AAALAC International). Albino rats (Wistar HanTac; 4-7 weeks postnatal, male and female) were deeply anaesthetized with isoflurane in oxygen and killed by cervical dislocation. Vertical retinal slices were cut by hand and visualized using an Axioskop 2 FS (Zeiss) with a ×40 (0.75 NA) water immersion objective or a BX51WI (Olympus) with a ×40 (0.8 NA) water immersion objective, both equipped for infrared differential interference contrast (IR-DIC) videomicroscopy.





Solutions and drug application

The standard extracellular perfusing solution was continuously bubbled with 95% O2 - 5% CO2 and had the following composition (in mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose (pH 7.4). For whole-cell and nucleated-patch recordings, pipettes were filled with a solution that had the following composition (in mM): 130 KCl, 8 NaCl, 10 HEPES, 1 CaCl2, 5 EGTA, 4 MgATP, 2 QX-314 (pH adjusted to 7.3 with KOH). In some nucleated patch experiments, QX-314 was omitted from the pipette solution. Alexa Fluor 594 (40 or 50 µM; Invitrogen/Thermo Fisher Scientific) was included in all pipette solutions and permitted visualization of the complete cellular morphology with wide-field fluorescence microscopy after whole-cell and patch recordings.

For recordings of spontaneous inhibitory postsynaptic currents (spIPSCs), neurotransmitter receptor antagonists were added directly to the extracellular bath solution at the following concentrations (µM): 0.3 strychnine (Research Biochemicals International) to block glycine receptors; 10 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Hello Bio) to block non-NMDA receptors; 20 (RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP; Hello Bio) to block NMDA receptors.

In some experiments, we attempted to evoke synaptic release of neurotransmitter by local application of extracellular solution with increased concentration of K+ (to depolarize putative presynaptic sources and thereby evoke neurotransmitter release). The high-K+ solution (in mM: 125 NaCl, 22.5 KCl, 2.5 CaCl2, 1 MgCl2, 5 HEPES, 10 glucose; pH adjusted to 7.4 with HCl) was applied by pressure (0.2 - 0.3 bar; 5 - 10 s) from a patch pipette connected to a pneumatic drug ejection system (PDES-01DDM; npi electronic). The same system was also used for pressure application (0.1 - 0.2 bar; 15 - 200 ms) of GABA (1 mM) from a patch pipette to AII amacrine cells. GABA was dissolved in a HEPES-buffered solution of the following composition (in mM): 145 NaCl, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 5 hemiNa-Hepes, and 10 glucose (pH adjusted to 7.4 with HCl).





Fast drug application

Fast application was performed with a theta-tube pipette (septum thickness ~117 µm, final tip diameter ~300 µm; Hilgenberg) according to the description of Jonas (37), for additional details, see (17, 18). The patch was positioned near the interface between the control solution and the agonist-containing solution continuously flowing out of each barrel, about 100 µm away from the tip of the theta tube. Concentration jumps of agonist were performed by rapidly moving the application pipette and thus the interface between the two solutions. One barrel of the theta tube contained 3 mM GABA, dissolved in a HEPES-buffered solution of the same composition as used for pressure application of GABA (see above). The other barrel contained either the HEPES-buffered solution without GABA, or, alternatively, the HEPES-buffered solution with either SR95531 (3 µM; Tocris Bioscience; to block GABAA receptors), ZnCl2 (10 or 100 µM), zolpidem (100 nM or 1 µM; Synthélabo Recherche), or 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol hydrochloride (THIP; 1 or 10 µM; Tocris Bioscience). Agonist pulses were applied at 30 or 40 s intervals. The solution exchange time was measured as the open-tip response when switching between the HEPES-buffered solution and the same solution diluted to 10% (cf. (17)). Under optimal conditions, the 20-80% rise time of the open-tip response ranged from 150 to 400 µs (10-90% rise time of 200 - 600 µs). For nucleated patches, this does not represent the true exchange time, which is expected to be slower because of the size of the patch. In experiments where we needed to switch between different solutions for a given barrel, complete exchange took 85 - 100 s. Solutions were either made up freshly for each experiment or were prepared from aliquots stored at -20°C and diluted to the final concentration on the day of the experiment.





Electrophysiological recording and data acquisition

Patch pipettes were pulled from thick-walled borosilicate glass (outer diameter, 1.5 mm; inner diameter, 0.86 mm; Sutter Instrument). The open-tip resistance with the pipette in the bath ranged from 5 to 7 MΩ when filled with intracellular solution. Electrophysiological recordings were performed with an EPC9 dual or an EPC10 quadro amplifier controlled by Patchmaster software (HEKA Elektronik). For details of electrophysiological recording, see (38).

Nucleated-patch recordings were obtained after establishing the whole-cell configuration, by slowly withdrawing the pipette and applying continuous light suction (~50 mbar). When a nucleated patch was successfully isolated, the reduced membrane capacitance resulted in current transients that were canceled by re-adjustment of the amplifier Cslow neutralization circuitry. For nucleated patch recordings, signals were low-pass filtered (analog 3- and 4-pole Bessel filters in series) with a corner frequency (-3 dB) at 1/5 of the inverse of the sampling interval (typically 50 µs). For whole-cell recordings, signals were low-pass filtered at 2 kHz and the sampling interval was 100 µs. All recordings were carried out at room temperature (22 - 25°C). The data acquisition software corrected all holding potentials for liquid junction potentials on-line. Theoretical liquid junction potentials were calculated with JPCalcW (Axon Instruments/Molecular Devices).





Electrophysiological data analysis

Data were analyzed with Fitmaster (HEKA Elektronik), IGOR Pro (WaveMetrics), and Excel (Microsoft). Before averaging of nucleated-patch responses, individual response waveforms were aligned at the point of steepest rise. The peak amplitude of GABA-evoked currents in patches was measured after averaging (typically 5 - 40 repetitions) and baseline subtraction. The decay time-course of averaged GABA responses was estimated by curve fitting with exponential functions. For single-exponential functions, we used the function:



where I(t) is the current as a function of time, A is the amplitude at time 0, τ is the time constant, and Iss is the steady-state amplitude. For double-exponential functions, we used the function:



where I(t) is the current as a function of time, A1 and A2 are the amplitudes at time 0 of the first and second exponential components, τ1 and τ2 are the time constants of the first and second exponential components, and Iss is the steady-state amplitude. For triple-exponential functions, a third component   was added to eqn (2) above. Fitting was generally started 200 - 600 µs after the peak amplitude. For double- and triple-exponential functions, the amplitude contribution of a given component Ax (A1, A2 or A3) was calculated as 100% × (Ax/(A1+A2)) or 100% × (Ax/(A1+A2+A3)), respectively. As the relative amplitude of the exponential components depends on the location of time 0, we defined the start of the response as the point in time at which the current rose from the baseline noise (determined by eye). For double- and triple-exponential fits, weighted time constants were calculated as the sum of the individual time constants multiplied by the relative amplitude contribution of the corresponding component.

For illustration purposes, most raw data records were low-pass filtered (-3 dB; digital non-lagging Gaussian filter at 0.5 - 2 kHz). Unless otherwise noted, the current traces shown in the figures represent individual traces.





Non-stationary noise analysis

We applied non-stationary noise analysis to patch responses evoked by brief pulses (2 ms for six patches; 5 ms for one patch) of GABA (3 mM) to estimate apparent single-channel conductance and open probability of the receptor channels, for details, see (39). The ensemble mean response was binned and variance versus mean curves were plotted for the decay phase (i.e., the interval between the peak response and the end of the decay phase) and fitted with the parabolic function:



where σ2(I) is the variance as a function of mean current, i is the apparent single-channel current, N corresponds to the number of available channels in the patch and  is the variance of the background noise. The apparent single-channel chord conductance (γ) was calculated as:



with a holding potential (Vm) of -60 mV and the reversal potential (Erev) set to 0 mV (for a recording condition with symmetrical Cl- concentration). The open probability (Popen) was calculated using the equation:



where i is the apparent single-channel current, I is the mean current, and N is the number of available channels in the patch.





Wide-field fluorescence microscopy

All cells (both whole-cell and patch recordings) were imaged with wide-field fluorescence microscopy after recording to confirm the identity of the cell. For some cells we acquired a series of fluorescence images at closely spaced focal planes using a digital CCD camera, either a CoolSnap ES (Photometrics/Roper Scientific) controlled by µManager software (www.micro-manager.org) or an Imago QE controlled by TILLvisION software (TILL Photonics), for details see (40). Subsequently, images were processed with Huygens (64 bit, Windows; Scientific Volume Imaging) to remove noise and reassign out-of-focus light by deconvolution with a theoretical point-spread function (CMLE method). Huygens was also used to generate maximum intensity projections and to adjust contrast, brightness, and gamma (identical settings for the entire image).





Statistical analysis

Data are presented as mean ± SD (n = number of cells, patches or responses; as indicated) with ranges either displayed by individual data points in bar graphs or stated explicitly. Percentages are calculated as percentage of control. Statistical analyses with comparisons between or within groups were performed using Student’s two-tailed t test (unpaired, paired or ratio paired; as indicated) with Prism (GraphPad Software). Differences were considered statistically significant at the P ≤ 0.05 level.






Results




Targeting and identification of AII amacrine cells in rat retinal slices

AII amacrine cells in retinal slices were targeted for recording based on the following criteria: a cell body located at the border of the inner nuclear layer and the inner plexiform layer, a thick apical dendrite descending into the inner plexiform layer (Figure 1A), and a characteristic pattern of inward action currents following 5-mV depolarizing voltage pulses (5-ms duration) from Vhold = -60 mV (cf. (15)). After the AII was filled with dye, fluorescence microscopy revealed the distinct morphology with large lobular appendages in the distal region of the inner plexiform layer and thin arboreal dendrites ramifying in the proximal region of the inner plexiform layer (Figure 1B).




Figure 1 | Identification of AII amacrines and lack of spontaneous GABA receptor-mediated synaptic currents. (A) Infrared differential interference contrast videomicrograph (IR-DIC) of a retinal slice with visible cell body and apical dendrite of an AII amacrine cell during whole-cell recording (note visible tip of patch pipette). Scale bar, 10 µm. Retinal layers indicated by abbreviations (INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer). (B) Maximum intensity projection of image stack of wide-field fluorescence image (after deconvolution) of AII amacrine in (A) filled with Alexa 594 via patch pipette. Scale bar, 10 µm. (C) Current evoked in an AII amacrine (Vhold = -60 mV) by application of GABA (1 mM, 100 ms) from a puffer pipette during whole-cell, voltage-clamp recording (the recording configuration is indicated by the schematic at top, with the tip of the puffer pipette located approximately over stratum 5 of the inner plexiform layer). The arrow indicates the onset of GABA application. The bath and puffer pipette solutions contained CNQX (10 µM) and strychnine (300 nM). Voltage-gated Na+ channels were blocked by QX-314 in the intracellular solution. (D) Whole-cell, voltage-clamp recording from an AII amacrine (Vhold = -60 mV) in three different conditions (the intracellular solution contained QX-314). Left: control (no pharmacological blockers of synaptic receptors) with relatively high frequency of (inward) spontaneous postsynaptic currents (spPSCs). Middle: with CNQX (10 µM), CPP (20 µM), and strychnine (300 nM) in the bath solution, no spPSCs were observed. Right: after CNQX, CPP, and strychnine were washed out, the amplitude and frequency of spPSCs partially recovered. For each condition, current is displayed at both a slow (top) and a fast (bottom) time scale, triangles mark approximate location of epochs expanded at bottom.







AII amacrine cells respond to GABA

To verify that AII amacrine cells respond to GABA during our recording conditions, we performed whole-cell, voltage-clamp recordings in retinal slices and applied GABA (1 mM) by pressure from a puffer pipette positioned close to the surface of the slice. The tip of the pipette was located in the proximal part of the inner plexiform layer, directed towards the region with the distal arboreal dendrites of the AII (Figure 1C). With the intracellular and bath solutions used, ECl was close to 0 mV and the cells were voltage-clamped at Vhold = -60 mV. Both the bath solution and the solution in the puffer pipette contained CNQX (10 µM) to block ionotropic non-NMDA receptors and strychnine (300 nM) to block glycine receptors. For the cell illustrated in Figure 1C, a brief (100 ms) puff of GABA evoked a large, transient inward current (peak amplitude ~325 pA). Robust responses were obtained for multiple locations of the pipette tip across the inner plexiform layer. Similar results were obtained for a total of five AII amacrines and confirm earlier observations reported for AII cells in rat and rabbit retina (20, 24, 26), suggesting that AIIs express ionotropic GABA receptors.





No GABAergic spontaneous postsynaptic currents in AII amacrine cells

To investigate potential GABAergic synaptic inputs to AII amacrine cells, we performed whole-cell, voltage-clamp recordings in retinal slices (Figure 1D; Vhold = -60 mV). When the bath solution contained no blockers of neurotransmitter receptors, we observed a high frequency of spontaneous inward currents with fast kinetics (ECl ~ 0 mV). In this condition, both excitatory currents (mediated by non-selective cation channels) and inhibitory currents (mediated by chloride channels) will appear as inward currents. From earlier investigations, there is strong evidence for both glutamatergic and glycinergic spontaneous postsynaptic currents (spPSCs) in AII amacrine cells (16, 17, 24, 25). After recording for 2 - 3 min in this control condition, we changed to a bath solution containing CNQX (10 µM), CPP (20 µM; to block NMDA receptors), and strychnine (300 nM). In this condition, spontaneous chemical synaptic activity in AII amacrines was completely blocked (Figure 1D; n = 5 cells), suggesting that there were no GABAergic spIPSCs. The recording period in pharmacological blockers was 4 - 8 min to ensure that even low-frequency events could be detected. When the bath solution was changed back to control without neurotransmitter receptor antagonists, the spontaneous synaptic activity partially recovered (Figure 1D).





High-K+ stimulation fails to evoke GABAergic postsynaptic currents in AII amacrine cells

Given the morphological evidence for putative GABAergic synaptic input to AIIs from dopaminergic amacrine cells (34) and NOS-1 amacrine cells (36), the lack of GABAergic spIPSCs is surprising, but consistent with earlier observations from our laboratory (24). However, if we assume that the processes of dopaminergic and NOS-1 amacrine cells presynaptic to AIIs contain synaptic vesicles with GABA, it might be possible to evoke synaptic release without direct manipulation of the presynaptic neurons.

To evoke release of synaptic vesicles, we applied an extracellular solution with high K+ concentration from a puffer pipette placed at the inner plexiform layer, designed to evoke depolarization and trigger activation of voltage-gated Ca2+ channels. Relative to the control solution, the high-K+ solution increased [K+] from 2.5 to 22.5 mM, thereby changing EK from -102 to -45 mV (for a temperature of 25˚C). The high-K+ solution was applied approximately once every minute. As a first step, we applied the high-K+ solution to AII amacrine cells in the absence of any pharmacological blockers in the bath or puffer solutions. As illustrated in Figure 2A, application of high-K+ solution (8-s duration) increased the frequency of PSCs. This effect was robust and with repeated application could be observed for >20 min.




Figure 2 | High-K+ stimulation of synaptic release from presynaptic terminals does not evoke synaptic currents mediated by GABA receptors in AII amacrine cells. (A) Puffer pipette application of high-K+ solution (HEPES-buffered extracellular solution with [K+] increased from 2.5 to 22.5 mM) onto an AII amacrine (Vhold = -60 mV, ECl ~ 0 mV) evoked a marked increase in postsynaptic currents (PSCs). Here and in (D), experimental configuration and identity of cell from which the recording was made indicated by the schematic (inset, left). No blockers present in puffer pipette solution or in bath. Here and later, duration of application indicated by horizontal bar above current trace. (B) When high-K+ puffer pipette solution with CNQX (10 µM) and strychnine (300 nM) was applied to an AII amacrine cell (different cell than in (A); no blockers in bath), all PSCs were blocked (left). After a short period of washout (~20 s; marked by parallel lines), the PSCs fully recovered (right). (C) When application of high-K+ solution with CNQX and strychnine to the AII amacrine cell (same as in (B)) was repeated after adding CNQX (10 µM) and strychnine (300 nM) to the bath solution, PSCs were blocked both before and during application. In this condition, application of high-K+ solution evoked a small inward current, probably corresponding to the local depolarizing shift of EK. After a period of washout (~10 min; marked by parallel lines), the PSCs partially recovered (right). (D) Recording from an A17 amacrine cell (Vhold = -70 mV, ECl ~ 0 mV). High-K+ solution (with 10 µM CNQX and 300 nM strychnine in both puffer pipette and bath) evoked an increase of PSCs. Note that the increased frequency of PSCs outlasted the period of application of high-K+ solution.



Next, to pharmacologically isolate potential GABA-mediated currents, the recordings were performed in the presence of CNQX and strychnine. The AII amacrine cell illustrated in Figures 2B, C displayed robust activity with spPSCs before application of the puffer pipette solution (Figure 2B, left trace). When we puffed high-K+ with CNQX and strychnine in the pipette solution, but without the same blockers in the bath, all PSCs were completely blocked (Figure 2B, left trace). After washout of the puffer pipette solution, the activity of spPSCs recovered quickly (Figure 2B, right trace). This suggested that the high-K+ solution was unable to evoke any GABAergic PSCs. The same conclusion was reached when we repeated the application of high K+ with CNQX and strychnine in both the pipette and bath solution (Figure 2C, left trace). The spPSCs recovered slowly (and incompletely) when the bath solution was changed back to control without neurotransmitter receptor antagonists (Figure 2C, right trace). With all spPSCs blocked by CNQX and strychnine in the bath, the effect of puffing high-K+ solution was observed as a small, inward current during application (Figure 2C, left trace), likely to reflect a more depolarized EK and the accompanying depolarization of other cells electrically coupled to the recorded cell (41, 42). The failure to evoke PSCs was observed both when the puffer pipette tip was placed in stratum 5 (S5; to activate putative inputs from the NOS-1 amacrine cells) (36) or in S1-S3 (to activate putative inputs from dopaminergic amacrine cells) (34). Similar results, with no evidence for GABAergic IPSCs, were observed for a total of seven AII amacrine cells.

As a control, when high-K+ solution was applied to A17 amacrine cells under the same recording conditions (with CNQX and strychnine in both the puffer pipette and bath), we consistently observed a marked increase in the frequency of PSCs (Figure 2D; n = 5 cells). Both the spontaneous PSCs (observed before puffing high-K+) and the evoked PSCs (observed during puffing high-K+) are likely to be GABAergic (cf. (38)).





GABA-evoked responses of AII nucleated patches are mediated by GABAA receptors

For investigating the kinetic properties of the GABA receptors, ultrafast drug application to outside-out patches is the preferred method, as it can mimic the conditions inside a synaptic cleft (37). In contrast, puffing GABA onto a cell in the whole-cell configuration is unable to achieve the required speed of application. Accordingly, we first attempted to obtain responses using conventional outside-out patches and ultrafast application of GABA. However, the number of patches with responses that were sufficiently large for analysis was very low, with most patches displaying no or only very small responses. This suggested that the distribution of GABAA receptors at the cell body of an AII is markedly heterogenous, potentially with small and infrequent areas of clustered receptors and larger areas with no or very few receptors. This is very different from the results for AMPA-type glutamate and glycine receptors, where we obtained a considerably higher success rate, often with relatively large responses, for conventional outside-out patches isolated from the cell body (17, 18, 24). Because of the very low success rate of obtaining adequate GABA responses with conventional outside-out patches, we instead used nucleated patches that consistently displayed robust responses (Figure 3A).




Figure 3 | Deactivation and desensitization kinetics of GABAA receptors in nucleated patches of AII amacrine cells. (A) IR-DIC image of AII nucleated patch positioned close to the liquid filament interface (indicated by the dashed white line) formed by the two solutions flowing out of a theta-tube application pipette. Scale bar, 30 µm. (B) Current responses of a nucleated patch (Vhold = -60 mV, ECl ~ 0 mV) from an AII amacrine evoked by a brief (5 ms) pulse of GABA (3 mM) from a theta-tube pipette (lower black trace, average of two trials). The response was blocked after exposing the patch to the selective GABAA receptor antagonist SR95531 (3 µM; red trace, average of three trials). Here and later, the black line above the current responses corresponds to the square-wave voltage pulse (from the digital-to-analog output of the interface of the patch-clamp amplifier) used to drive the piezo actuator with the theta-tube pipette. Note that this waveform precedes the patch response by a few ms. (C) Peak amplitude of GABA-evoked (5 ms, 3 mM) currents obtained at 30 s intervals (same nucleated patch as in (B)). Note the reversible block of GABA-evoked responses during exposure to SR95531 (3 µM). The data points marked by filled black circles and red circles correspond to the responses used to calculate average waveforms in (B). (D) Current response (lower black trace; average of 36 trials) of an AII nucleated patch to a brief (~2 ms) pulse of GABA (3 mM), overlaid with triple-exponential fit to decay phase corresponding to deactivation (red). Inset shows the early phase of the response at an expanded time scale. (E) Current response (lower black trace; average of nine trials) of an AII nucleated patch to a long (1 s) pulse of GABA (3 mM), overlaid with double-exponential fit to desensitization decay phase (red) and single-exponential fit to deactivation decay phase following end of GABA pulse (gray). Inset shows the early phase of the response at an expanded time scale. (F) Normalized current responses of AII nucleated patch to a series of applications of GABA (3 mM) of variable duration (~2 ms, black trace, average of 30 trials; 100 ms, gray trace, average of seven trials; 250 ms, red trace, average of eight trials). Note the difference between the slower desensitization and the faster deactivation kinetics, including the transition from desensitization to deactivation for the two longer pulse durations.



An example of GABA-evoked responses obtained with a nucleated patch is illustrated in Figure 3B. When this nucleated patch was exposed to a brief (~5 ms) pulse of GABA (3 mM), it displayed a transient inward current with fast rise time and slower decay (Vhold = -60 mV, ECl ~ 0 mV). With repeated application of GABA (30 s intervals), we observed response rundown (Figure 3C). When the specific GABAA receptor antagonist SR95531 (3 µM) was added to the solution in the control barrel of the theta tube, the GABA-evoked response was completely blocked (Figures 3B, C). After washing out SR95531, the GABA-evoked response recovered quickly (Figure 3C). Similar results, with complete block of GABA-evoked responses by SR95531, were observed for a total of three nucleated patches. This strongly suggested that the responses were mediated by GABAA receptors.





Kinetics of GABAA receptors in AII nucleated patches

Because it is not possible to obtain ultrafast application and near-synchronous activation of all receptors using nucleated patches with a theta-tube application system, the activation and deactivation kinetics may appear somewhat slower for nucleated than for conventional outside-out patches. For the nucleated patch illustrated in Figure 3D, a brief (~2 ms) pulse of GABA (3 mM) evoked a response that rose rapidly to a peak, with 20-80% rise time of 809 µs (10-90% rise time 1242 µs) and peak amplitude of 63 pA (average of 36 trials). For a total of 11 nucleated patches tested in this way, the average peak amplitude was 47.3 ± 19.7 pA (range 19.9 - 81.1 pA). The average 20-80% rise time was 913 ± 212 μs (range 635 - 1297 μs; average 10-90% rise time 1465 ± 377 µs, range 975 - 1962 µs). At the end of the 2 ms pulse, the response decayed with a very slow time course (Figure 3D). This decay corresponds to deactivation, i.e., the closing of channels after removal of agonist and provides information about the gating properties of the receptors. Adequately fitting the decay time course required a triple-exponential function, with τ1 = 8.4 ms, τ2 = 84.6 ms, and τ3 = 418 ms (with amplitude contributions of 45, 30 and 25%, respectively). The weighted deactivation time constant (τw) was 133 ms. For the 11 nucleated patches tested with brief pulses of GABA, the average τ1 was 9.8 ± 4.0 ms (range 4.3 - 17.5 ms; 41 ± 13% amplitude contribution), the average τ2 was 96.1 ± 38.5 ms (range 63.8 - 173.8 ms; 35 ± 10% amplitude contribution), and the average τ3 was 523 ± 116 ms (range 378 - 779 ms; 25 ± 9% amplitude contribution). The average τw of deactivation was 163 ± 39 (range 103 - 229 ms). The most important experimental observables and response parameters have been summarized in Table 1.


Table 1 | Experimental measurements for GABAA receptors of AII amacrine cells in rat retina.



To study the time course of desensitization, i.e., the closure of channels in the maintained presence of agonist, we applied longer (1 s) pulses of GABA (3 mM). For the nucleated patch illustrated in Figure 3E, the GABA-evoked response (average of nine trials) displayed a peak amplitude of 83 pA and a 20-80% rise time of 976 µs (10-90% rise time of 1721 µs). During the prolonged exposure to GABA, there was pronounced desensitization of the response (Figure 3E). The time course of desensitization could be well fitted by a double-exponential function, with τfast = 37.2 ms and τslow = 578 ms (with amplitude contributions of 40 and 60%, respectively). The τw of desensitization was 361 ms. For a total of seven patches tested in this way, the average τfast was 52.5 ± 16.6 ms (range 37.1 - 83.6 ms; 45 ± 14% amplitude contribution) and the average τslow was 557 ± 157 ms (range 306 - 799 ms; 55 ± 14% amplitude contribution). The average τw of desensitization was 333 ± 120 ms (range 208 - 536 ms).

For GABAA receptors, there is evidence that desensitization can slow the subsequent time course of deactivation (43, 44) and shift receptors into a high-affinity state (45). Following removal of GABA at the end of a longer pulse of GABA, we could directly observe the change from desensitization to deactivation. For the nucleated patch illustrated in Figure 3E, the time course of deactivation (after removal of GABA) could be well fitted with a single exponential function with a time constant of 359 ms. For a total of seven patches tested with 1-s pulses of GABA (3 mM), the time course of deactivation following desensitization was well fitted with a single exponential function, with an average time constant of 537 ± 159 ms (range 329 - 798 ms). This post-desensitization deactivation was much slower than the brief-pulse (~2 ms) deactivation (with τw = 163 ± 39 ms; P< 0.0001, unpaired t test). In contrast, there was no statistically significant difference between the post-desensitization deactivation and the τw of desensitization (for a 1-s pulse of GABA) for these patches (333 ± 120 ms; P = 0.2106, paired t test).

For two patches we obtained GABA-evoked responses to multiple pulse durations, allowing us to directly compare the difference between deactivation and desensitization. For the nucleated patch illustrated in Figure 3F, the responses evoked by 2-, 100-, and 250-ms pulses of GABA (3 mM) have been overlaid after normalization to the peak amplitudes. At the end of the 100- and 250-ms pulses, the difference in decay time course can be readily observed during the change from relatively slow desensitization to faster deactivation. For this nucleated patch, the τw of deactivation following a brief (~2 ms) pulse was 192 ms. After the 100 ms pulse, the time constant of deactivation was 393 ms and after the 250 ms pulse it was 469 ms (single-exponential fits). Similar results were obtained for the other nucleated patch. These results suggested that increasing desensitization of the AII GABAA receptors slows the subsequent deactivation. If the properties we have observed for the receptors in patches are representative for receptors that mediate potential GABAergic synaptic input to AIIs, these results suggest that the synaptic receptors have remarkably slow kinetics.





Non-stationary noise analysis of GABAA receptor-mediated responses in nucleated patches

To estimate the single-channel conductance and the maximum Popen of the GABAA receptor channels in AII nucleated patches, we applied non-stationary noise analysis. Responses were evoked by application of brief (~2 ms) pulses of GABA (3 mM). Figure 4A shows three individual responses evoked by GABA in the same patch, together with the superimposed ensemble mean response (n = 47 epochs; Figure 4C). The corresponding differences between each individual response and the ensemble mean response (Figure 4B) were used to calculate the ensemble variance (Figure 4D). The variance versus mean plot (corresponding to the decay phase after the peak response) displayed a (partial) parabolic shape (Figure 4E) and was fitted by the parabolic function of eqn (3). From the curve fitting, we obtained an apparent single-channel current of 1.6 pA, corresponding to an apparent single-channel chord conductance of 26.6 pS (assuming Erev = 0). The number of available channels in the patch was estimated as 51.6, corresponding to a maximum Popen at the peak response of 0.52 (Figure 4E). For seven patches tested with GABA in this way, the mean single-channel chord conductance was 23.2 ± 2.8 pS (range 20.4 - 27.1 pS) and the mean number of available channels was 68.2 ± 29.0 (range 26.5 - 109.9). The average maximum Popen was 0.56 ± 0.06 (range 0.47 - 0.63). It is possible that the relatively low value for maximum Popen is caused by the slower exchange rate obtained when working with larger nucleated patches compared to smaller, conventional outside-out patches (see (15) for an analysis focused on AMPA-type receptors of AII amacrine cells). Thus, the maximum Popen for synaptic receptors of the same kind could be somewhat higher.




Figure 4 | Non-stationary noise analysis of GABA-evoked responses in an AII nucleated patch. (A) Three individual records obtained by brief (~2 ms) pulses of GABA (3 mM) to an AII nucleated patch (Vhold = -60 mV, ECl ~ 0 mV) with the ensemble mean current (average of 47 trials) overlaid (red). (B) Associated difference currents generated by subtracting the ensemble mean current from the individual responses in (A). (C) Mean current of all GABA-evoked responses in the ensemble. Broken horizontal lines indicate amplitude intervals used for binning mean current and variance (see Materials and methods). (D) Ensemble current variance (without binning) for the GABA-evoked responses, calculated from the difference currents (as in (B)). (E) Plot of the ensemble current variance (D) versus mean current ((C); after binning). Time period used for the variance versus mean plot corresponds to data points from the peak to the end of the decay phase of the mean waveform. The data points were fitted with eqn (3). (F) Current response evoked by a brief (~2 ms) pulse of GABA (3 mM) to an AII nucleated patch. The peak of the inward current has been truncated for better visualization of GABA-evoked single-channel gating during the late decay phase. Inset (bottom) shows single-channel gating displayed at an expanded time scale. Broken lines indicate baseline current and inward current during channel opening (as indicated).







Direct observations of single-channel gating in nucleated-patch responses

The estimates from non-stationary noise analysis are likely to represent weighted averages of different conductance levels of different channels or different sub-conductance states of the same types of channels. For several nucleated patches with low noise levels, discrete transitions between open and closed states could be observed during the late decay phase of individual responses (Figure 4F). We obtained a total of 63 measurements of single-channel openings from seven different patches (n = 9 measurements per patch). The current amplitudes ranged between 1.2 and 2.1 pA (corresponding to 19.3 - 35.3 pS), yielding an average single-channel chord conductance of 25.8 ± 1.9 pS, similar to the average conductance of ~23 pS obtained from non-stationary noise analysis.





Pharmacological evidence for the presence of α2 or α3 and γ2 subunits in GABAA receptors of AII nucleated patches

To investigate the subunit composition of the GABAA receptors in AII nucleated patches, we made use of pharmacological compounds that have specific actions on individual GABAA receptor subunits and/or specific subunit combinations. For these experiments, we applied brief pulses (5 ms) of GABA (3 mM) at 30-s intervals to nucleated patches, first in control condition and then after exposing the patch to the pharmacological compound at the desired concentration.

Zn2+ acts as an antagonist at GABAA receptors, with the magnitude of antagonism dependent on the specific GABAA receptor subunits present (46). From studies of heterologously expressed GABAA receptors, the IC50 for Zn2+ has been reported as 88 nM for αβ-containing receptors, 6 - 16 µM for αβδ-containing receptors, and 50 - 100 µM for αβγ-containing receptors. In addition, if the α subunit is of the α1 type (e.g., α1βγ), the IC50 for Zn2+ increases to ~300 µM (46, 47). For the nucleated patch illustrated in Figures 5A, B, GABA was applied repeatedly, first in control and then after exposing the patch to Zn2+ at concentrations of 10 and 100 μM. Both concentrations of Zn2+ evoked a clear suppression of the GABA-evoked response, as illustrated for the time series of peak amplitudes in Figure 5A. After washing out Zn2+, we observed a brief period with partial recovery. To compare the response suppression in more detail, we averaged three successive responses for each condition (control, 10 µM, and 100 µM Zn2+) and overlaid the waveforms (Figure 5B). The peak amplitude of the average response was reduced from 87 pA in control to 51 pA in 10 µM Zn2+ and to 6 pA in 100 µM Zn2+. For a total of five patches, 10 µM Zn2+ reduced the GABA-evoked response by 40.6 ± 11.1% (range 26.5 - 53.0%, P = 0.0031, ratio paired t test) relative to control (Figure 5C). For the same patches, 100 μM Zn2+ reduced the GABA-evoked response by 83.9 ± 24.7% (range 41 - 100%, P = 0.0423, ratio paired t test) relative to control (Figure 5C). The block of Zn2+ at 10 and 100 µM is consistent with the presence of either a γ subunit or a δ subunit, as well as the absence of the α1 subunit (46).




Figure 5 | Pharmacology of GABAA receptors in nucleated patches of AII amacrine cells. (A) Peak amplitude of GABA-evoked (5 ms, 3 mM) currents in an AII nucleated patch (30 s intervals). Note suppression of the GABA-evoked response during exposure of the patch to Zn2+ (10 and 100 µM). The data points marked by filled black circles, gray circles, and red circles correspond to the responses used to calculate average waveforms in (B). (B) Responses evoked by GABA (same patch as in (A)) in control (black trace), during exposure to 10 µM Zn2+ (gray trace) and during exposure to 100 µM Zn2+ (red trace). Each trace is the average of three successive trials (indicated in (A). (C) Bar graphs of peak amplitude of GABA-evoked responses (as in (A, B)) of AII nucleated patches (n = 5 patches) in control and during exposure to Zn2+ (10 and 100 µM). Here and later, bars represent mean ± SD and data points for the same patch are connected by lines. Statistical comparisons between averages: n.s. no significant difference (P > 0.05); * P ≤ 0.05. (D) Peak amplitude of GABA-evoked (5 ms, 3 mM) currents in an AII nucleated patch (30 s intervals). Note no change in peak amplitude during exposure to 100 nM zolpidem. Here and in (G), the data points marked by filled black circles and red circles correspond to the responses used to calculate average waveforms in (E, H), respectively. (E) Responses evoked by GABA (same patch as in (D)) in control (black trace) and during exposure to 100 nM zolpidem (red trace). Each trace is the average of three successive trials (indicated in (D)). (F) Bar graphs of peak amplitude and weighted decay time constant (τw) of GABA-evoked responses (as in (D, E)) of AII nucleated patches (n = 4 patches) in control and during exposure to 100 nM zolpidem. (G) Peak amplitude of GABA-evoked (5 ms, 3 mM) currents in an AII nucleated patch (30 s intervals). Note moderately increased peak amplitude during exposure to 1 µM zolpidem. (H) Responses evoked by GABA (same patch as in (G)) in control (black trace) and during exposure to 1 µM zolpidem (red trace). Each trace is the average of three successive trials (indicated in (G)). Inset shows the early phase of the responses (normalized by peak amplitude) at an expanded time scale to facilitate comparison of the decay kinetics in the two conditions. (I) Bar graphs of peak amplitude and τw of GABA-evoked responses (as in (G, H)) of AII nucleated patches (n = 4 patches) in control and during exposure to 1 µM zolpidem. (J, K) Currents (single trials) of two different AII nucleated patches during application of THIP (1 and 10 µM, 1 s), a GABAA receptor agonist with high selectivity for receptors containing the δ subunit. Note that 1 µM THIP did not evoke a response, but that 10 µM THIP evoked an increase of membrane noise and a small inward current.



We next examined the effect of zolpidem, an agonist at the benzodiazepine binding site of the GABAA receptor. Zolpidem has very high affinity for receptors that contain both the α1 and the γ2 subunit (48–50). GABAA receptors with either α2 or α3 subunits (in combination with the γ2 subunit) have reduced sensitivity to zolpidem and receptors with α4, α5 or α6 subunits are essentially insensitive to zolpidem (reviewed in (51)). Thus, zolpidem at a concentration of 100 nM can be used to differentiate receptors with α1 subunits from receptors with either α2 or α3 subunits (e.g., (52)). In addition, zolpidem has virtually no effect at GABAA receptors that contain the γ1 subunit (53) or the γ3 subunit (54). We examined the effect of zolpidem on GABA-evoked responses in nucleated patches, using the same methodology as for Zn2+, with repeated application of GABA at 30-s intervals. For the nucleated patch illustrated in Figures 5D, E, 100 nM zolpidem had little or no effect on the amplitude or decay time course of the GABA-evoked response. This can be seen from the time series of peak response amplitude (Figure 5D) and from the overlay of averaged waveforms for control and 100 nM zolpidem (n = 3 successive responses for each condition; Figure 5E). For this patch, the average amplitude in control was 45 pA, very similar to the average amplitude of 49 pA in the presence of 100 nM zolpidem.

To examine the potential influence of zolpidem on the response kinetics, we fitted the decay time course of the averaged responses with a triple-exponential function. The weighted decay time constant (τw) was very similar in the control condition (174 ms) and in the presence of zolpidem (164 ms; Figure 5E). For a total of four patches, 100 nM zolpidem had no effect on peak amplitude or τw (Figure 5F). In control, the average amplitude was 45.1 ± 9.3 pA (range 32.9 - 55.6 pA) and in 100 nM zolpidem it was 45.0 ± 10.0 pA (range 31.0 - 54.6 pA; P = 0.8515, ratio paired t test; n = 4 patches; Figure 5F, top). In control, τw was 197 ± 65 ms (range 148 - 292 ms) and in 100 nM zolpidem it was 210 ± 61 ms (range 164 - 298 ms; P = 0.4584, ratio paired t test; n = 4 patches; Figure 5F, bottom). The lack of effect of zolpidem at 100 nM suggested that the α1 subunit is not present in these GABAA receptors.

We next tested zolpidem at a higher concentration of 1 µM. For the nucleated patch illustrated in Figures 5G, H, exposure to 1 µM zolpidem moderately increased the peak amplitude of the GABA-evoked response. This can be seen from the time series of peak response amplitude (Figure 5G) and from the overlay of averaged waveforms for control and 1 µM zolpidem (n = 3 successive responses for each condition; Figure 5H). For this patch, the average amplitude in control was 46 pA and in the presence of 1 µM zolpidem it was 57 pA. When the average response waveforms in control and in 1 µM zolpidem were normalized (by the peak amplitude), the decay kinetics appeared very similar in the two conditions (Figure 5H, inset). For quantitative analysis, we fitted the decay with a triple-exponential function and calculated τw. In the control condition, τw was 327 ms and in 1 µM zolpidem it was 332 ms. For a total of five patches, 1 µM zolpidem resulted in a small, but significant increase of the peak amplitude, but had no effect on τw (Figure 5I). In control, the average amplitude was 30.7 ± 12.1 pA (range 13.1 - 46.1 pA) and in 1 µM zolpidem it was 35.0 ± 15.2 pA (range 14.4 - 57.2 pA; P = 0.0270, ratio paired t test; n = 5 patches; Figure 5I, top). In control, τw was 279 ± 45 ms (range 208 - 327 ms) and in 1 µM zolpidem it was 288 ± 69 ms (range 206 - 377 ms; P = 0.9226, ratio paired t test; n = 5 patches; Figure 5I, bottom). In conclusion, the increase of peak amplitude with 1 µM zolpidem suggests the presence of either the α2 or α3 subunit in combination with the γ2 subunit.





No evidence for δ subunits in GABAA receptors of AII nucleated patches

The sensitivity of the somatic receptors to relatively low concentrations of Zn2+ could also suggest the presence of the δ subunit (46). To investigate this, we examined the effect of THIP, a GABAA receptor agonist with high selectivity for receptors containing the δ subunit (55, 56), on nucleated patches. Although THIP is often used at higher concentrations, only responses evoked by ≤1 µM can be unequivocally attributed to the presence of the δ subunit (57–59). For the patch illustrated in Figure 5J, application of 1 µM THIP did not evoke a measurable response and had no effect on the membrane noise that could suggest an increase in channel gating. Similar results were observed for a total of four patches tested with 1 µM THIP. In contrast, with 10 µM THIP we observed a clear increase in membrane noise, as well as a small inward current. An example of this can be observed for the patch illustrated in Figure 5K. Similar results were observed for a total of three patches tested with 10 µM THIP. The lack of response to 1 µM THIP suggests that the δ subunit is not present in the somatic GABAA receptors of AII amacrine cells.






Discussion

In this study we performed electrophysiological and pharmacological experiments to investigate GABAA receptors of AII amacrine cells. The AII amacrine cell arguably constitutes the hub of the most dense and complex network of neural connections in the mammalian retina (7) and plays a crucial role in processing both photopic and scotopic signals (6). As such, it is of great interest to characterize the neurotransmitter receptors that mediate synaptic and extrasynaptic inputs to these cells. Surprisingly, we did not observe GABA-mediated IPSCs in these cells, either as spontaneous events or following application of high-K+ solution to evoke synaptic release. The frequency of different types of spPSCs observed in retinal neurons can be highly variable (see e.g. refs. 17, 24, and 38 for previous studies of amacrine cells from our laboratory) and we have no explanation for the lack of GABAergic spIPSCs in AII amacrine cells. We speculate that this corresponds to a genuine lack of release under our recording conditions and we consider it very unlikely that the lack of observed GABA-mediated spIPSCs can be explained by technical aspects of the whole-cell recordings (e.g., poor voltage or space clamp, high noise level, etc.). Earlier work from our laboratory demonstrated significant frequency-dependent attenuation in AII cells, most pronounced for signals generated at the arboreal dendrites and propagating towards the cell body (60), but not to the extent that current responses generated by realistic conductance waveforms of spontaneous synaptic input will be completely absent in whole-cell, voltage-clamp recordings.

It is unclear why application of high-K+ solution was unable to evoke detectable release from putative GABAergic amacrine cells presynaptic to AII amacrines. From ultrastructural studies, there is clear evidence for synaptic vesicles in amacrine cell processes presynaptic to AIIs (10, 34, 36), and some of these are likely to belong to GABAergic cells. Thus, it seems unnecessary to speculate that putative release of GABA is instead driven by non-vesicular mechanisms. When we applied high-K+ solution to AII amacrine cells without blocking glutamatergic synaptic input, we observed a clear increase of PSCs, suggesting increased synaptic release of glutamate from bipolar cells. For A17 amacrine cells, application of high-K+ solution (with glutamate and glycine receptors blocked) evoked putative GABAergic PSCs. It is possible that the synaptic release mechanism of GABAergic amacrine cells presynaptic to AII amacrines has a particularly high threshold such that the level of depolarization obtained with high-K+ solution is insufficient to trigger release.

We did however, identify GABAA receptor-mediated responses in whole-cell recordings, most likely mediated by receptors located in the dendritic tree, as well as in nucleated patch recordings, mediated by receptors in the soma and the proximal part of the apical dendrite. The GABA-evoked responses in nucleated patches displayed notably slow deactivation kinetics. If the putative synaptic receptors have similar properties, this suggests the capability for pronounced temporal summation. The pharmacology of these receptors ruled out the presence of the α1 subunit and instead suggested they are likely to include α2 and/or α3 subunits, together with the γ2 subunit. Although it is well known from ultrastructural studies that AII amacrine cells receive substantial inputs from other amacrine cells (7, 10), some of which are certainly GABAergic, only some of these inputs have been unequivocally identified with respect to their cellular identity, i.e., dopaminergic amacrine cells (34) and NOS-1 amacrine cells (36). The GABAA receptors of the nucleated patches investigated in this study are located at or close to the AII cell body. Although we cannot know if they are extrasynaptic or synaptic receptors, it is possible that they correspond to synaptic receptors that mediate GABAergic input from dopaminergic amacrine cells which target the soma and apical dendrite of AIIs (34). The extent to which their properties are representative of GABA receptors elsewhere on the AIIs (synaptic and/or extrasynaptic) is not known and must be investigated further.




Kinetic properties and molecular identity of somatic GABAA receptors of AII amacrine cells

GABA is the major inhibitory neurotransmitter in the adult mammalian CNS (for review, see (61)). Ionotropic GABA receptors of the GABAA subtype are pentamers, composed of two α (α1-α6) subunits and two β (β1-β3) subunits, as well as one accessory subunit (γ1-γ3, δ, ε, π, θ). Different subunit combinations result in receptors with different biophysical properties and different contributions to signal processing in neurons (for review, see (62)). The most common subunit combination of GABAA receptors in the CNS is αβγ, with ~60% of all synaptic receptors composed of α1βγ2 (51). Assemblies with α2 or α3 make up ~35% of GABAA receptors and are common in the hippocampus and striatum (63). The frequent association of γ subunits with synaptic receptors is likely related to their role in anchoring the receptor complex to scaffolding proteins in the postsynaptic density (64). With the exception of α5, all the GABAA receptor subunits have been found to be present in the rodent retina (e.g., (65, 66)).

For the GABAA receptors in AII nucleated patches, the time course of deactivation after a brief pulse was best fitted by a triple-exponential function, similar to what has been observed for GABA-evoked responses in heterologous expression systems (e.g., 52, 67, 68). For the AII responses, the three exponential components of deactivation had well-separated time constants and each made a significant contribution to the response (τ1 ~10 ms, 41% amplitude contribution; τ2 ~96 ms, 34% amplitude contribution; τ3 ~520 ms, 25% amplitude contribution; τw ~163 ms). Importantly, for some GABAA receptor-mediated spIPSCs, a good fit of the decay phase also requires a triple-exponential function (69).

As is generally the case for ionotropic neurotransmitter receptors, the specific subunit composition of GABAA receptors determines unique functional and kinetic properties (for review, see (70)). For recombinant GABAA receptors, the α subunits play the key role in determining the gating kinetics, with α1-containing receptors exhibiting much faster decay kinetics than receptors containing either α2 or α3 subunits (68, 71–73) (for review, see (62)). Because the experimental conditions can differ in important ways, and because the information required for detailed comparisons is often incomplete, it is not trivial to compare measurements of receptor kinetics between different studies. Nevertheless, we find that our results correspond very well with the deactivation time course of recombinant receptors with an α3β2γ2 subunit composition, reported as τ1 = 8.4 ms, τ2 = 77.5 ms, τ3 = 645 ms and τw = 185 ms (68). In contrast, the deactivation kinetics for recombinant receptors with an α1β2γ2 subunit composition are approximately three times faster (τw = 52 ms) (68). The time course of desensitization that we observed with long (1 s) GABA pulses, with τfast ~60 ms (49% amplitude contribution) and τslow ~580 ms (τw ~333 ms), is also remarkably similar to that reported by for the α3β2γ2 composition and much slower than that for the α1β2γ2 composition (68). From another study of recombinant GABAA receptors (72), we calculated a deactivation τw of ~200 ms for receptors with the α2β1γ2 subunit composition, which is also very similar to our results. In contrast, τw for receptors with the α1β1γ2 subunit composition is approximately 10 times faster (~20 ms) (72). Taken together, the slow kinetic properties of the GABAA receptors in AII somatic patches suggest that it is unlikely that α1-containing receptors are present to any significant extent.

Similar to our measurements of response kinetics in patches, the studies with which we compared our estimates of kinetic response parameters were also performed at room temperature (68, 72). It is challenging to obtain patch response data at higher, physiologically relevant temperatures, as well as at more than a single temperature when investigating the temperature dependence of ion channels. Importantly, the temperature dependence of receptor kinetics, including synaptic kinetics, tends to be steep, with a Q10 temperature coefficient (the experimentally determined change for a 10˚C difference in temperature) of 2 - 3. In contrast, the Q10 of the conductance of an open ion channel is lower (1.2 - 1.5; for detailed discussions in previous studies from our laboratory, see refs. 17, 18, 24, and 38). Whereas Q10 values for receptor kinetics ideally should be determined experimentally, it is often necessary to scale kinetic data by default values for Q10, e.g., for purposes of computational modeling.





Pharmacological properties and molecular identity of the somatic GABAA receptors of AII amacrine cells

In some cases, specific subunits and subunit combinations can be resolved using a pharmacological approach (for review, see (74)). For AII nucleated patches, the reduction of GABA-evoked responses by relatively low concentrations of Zn2+ suggested that the subunit composition is either αβγ or αβδ. However, our experiments with the specific δ subunit agonist THIP suggested that this subunit is not present in receptors of AII nucleated patches, consistent with immunolabeling studies which found expression of the δ subunit restricted to cholinergic amacrine cells (65, 75). The ability of relatively low concentrations of Zn2+ to suppress GABA-evoked responses of AII nucleated patches also suggested that the α1 subunit is not present (46, 47). This conclusion was supported by the lack of effect of 100 nM zolpidem on the GABA-evoked responses. In contrast, the potentiation by 1 µM zolpidem suggested the presence of the α2 or the α3 subunit (51), as well as the presence of the γ2 subunit (53, 54). These results are consistent with our kinetic analysis which also suggested an αβγ composition with the α2 and/or α3, but not the α1 subunit. Taken together, the results obtained with electrophysiological recording and pharmacology suggest that the GABAA receptors on AII amacrines are predominantly composed of α2 and/or α3 subunits in combination with an (unidentified) β subunit and the γ2 subunit. We did not investigate the presence of β subunits as discrimination of these subunits based on pharmacological experiments is hampered by the lack of specific pharmacological tools (e.g., (76)). Importantly, the β subunit is required for assembly of functional GABAA receptors (77) and all three β subunits are expressed in the mammalian retina (66).





Functional importance of GABAergic inputs to AII amacrine cells

The AII displays a bistratified morphology, with lobular dendrites that stratify in the OFF-sublamina (a) and arboreal dendrites that stratify in the ON-sublamina (b) of the inner plexiform layer (10, 78, 79). The inhibitory inputs from other amacrine cells to AIIs are located throughout the dendritic arbors and also close to the soma (7, 10, 11, 34, 36). From serial reconstruction at the ultrastructural level, it has been suggested that AIIs receive synaptic input from at least two different glycinergic and four different GABAergic amacrines (7), but the cellular identity and functional role of the different inputs are unclear.

One potential source of GABAergic input to the vitread side of AII cell bodies is from dopaminergic amacrine cells (27, 32, 34, 80). The processes of dopaminergic amacrine cells appear to form “rings” around the AII somata, but the functionally important relationship is the electron microscopic evidence for pre- and postsynaptic specializations in the dopaminergic and AII amacrine cells (34). Although rodent dopaminergic amacrine cells are thought to release both dopamine and GABA (81, 82) (but see (83) for rabbit retina), only GABAA receptors were found at the synapses made by these cells onto AII amacrine cells (34). Specifically, combined immunolabeling and confocal microscopy suggested the presence of the α1 and α3 subunits. Because dopaminergic amacrine cells themselves express both α1 and α3 subunits (76, 84), it is difficult to unequivocally assign the immunolabeling to the AII using confocal microscopy, but the conclusion with respect to the α3 subunit is consistent with our results.

From other systems, there is evidence that inhibitory inputs targeting different dendritic regions or subcellular compartments of a neuron can serve different and highly specific functions, e.g., input from stellate cells and basket cells that target dendrites and the soma/axon initial segment compartments, respectively, of cerebellar Purkinje cells (for review, see (85)). For AII amacrine cells, the potential functional specificity of inhibitory inputs targeting different cellular compartments is not known. Inhibitory GABAergic input near the soma of AII amacrines has been suggested to shift the balance of AII outputs between the ON- and OFF-pathways (80). The visual receptive field properties of AII amacrines display an ON-center/OFF-surround organization (86–88) thought to be mediated by GABAergic feedback inhibition to rod bipolar cell axon terminals (89). However, it was recently suggested that GABAergic input directly to the AIIs from the NOS-1 amacrine cells may also play an important role in establishing the receptive field surround (36). The very slow kinetics of AII GABAA receptors might be advantageous for maintaining high-fidelity signaling through the large range of light intensities in which the AII network is active (cf. (36)).

In conclusion, if synaptic GABAA receptors of AII amacrines display similarly slow decay kinetics as observed for the receptors of nucleated patches, it could be a functional adaptation for tonic, sustained action, rather than temporal precision (cf. (68)). The slow kinetics will facilitate extensive temporal summation, even at relatively low rates of presynaptic release. This contrasts with the much faster decay kinetics of the glycine receptors of AII cells (24, 25), which are matched to the fast kinetics of the excitatory synaptic input (17). An important next step will be to identify the inhibitory neurons that are presynaptic to AII amacrine cells and to investigate their release properties. Also important will be to determine the functional consequences of activating slow GABAA receptors and fast glycine receptors, how different sources of inhibitory input target specific subcellular regions of AII amacrine cells, and how inhibitory and excitatory inputs are integrated and interact with signals from electrical synapses that mediate homologous (AII - AII) and heterologous (AII - ON-cone bipolar) coupling.
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Since its invention, super-resolution microscopy has become a popular tool for advanced imaging of biological structures, allowing visualisation of subcellular structures at a spatial scale below the diffraction limit. Thus, it is not surprising that recently, different super-resolution techniques are being applied in neuroscience, e.g. to resolve the clustering of neurotransmitter receptors and protein complex composition in presynaptic terminals. Still, the vast majority of these experiments were carried out either in cell cultures or very thin tissue sections, while there are only a few examples of super-resolution imaging in deeper layers (30 - 50 µm) of biological samples. In that context, the mammalian whole-mount retina has rarely been studied with super-resolution microscopy. Here, we aimed at establishing a stimulated-emission-depletion (STED) microscopy protocol for imaging whole-mount retina. To this end, we developed sample preparation including horizontal slicing of retinal tissue, an immunolabeling protocol with STED-compatible fluorophores and optimised the image acquisition settings. We labelled subcellular structures in somata, dendrites, and axons of retinal ganglion cells in the inner mouse retina. By measuring the full width at half maximum of the thinnest filamentous structures in our preparation, we achieved a resolution enhancement of two or higher compared to conventional confocal images. When combined with horizontal slicing of the retina, these settings allowed visualisation of putative GABAergic horizontal cell synapses in the outer retina. Taken together, we successfully established a STED protocol for reliable super-resolution imaging in the whole-mount mouse retina at depths between 30 and 50 µm, which enables investigating, for instance, protein complex composition and cytoskeletal ultrastructure at retinal synapses in health and disease.
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Introduction

Super-resolution microscopy combines the advantages of fluorescent imaging with resolutions below the diffraction limit of light and has been abundantly used to image biological specimens (1–4). It is especially relevant for neuroscience, where important subcellular structures (e.g. synaptic structures) have sizes below the diffraction limit (5, 6). Thus, it is not surprising that different super-resolution techniques were applied, e.g., to resolve clustering of neurotransmitter receptors (7, 8) or protein complex composition in presynaptic terminals (9, 10). So far, the majority of these experiments were carried out either in cell cultures or thin tissue sections. In contrast, there are only a handful of examples of super-resolution imaging in thick specimens (11, 12), as imaging deep tissue is challenging for most super-resolution techniques (13). Specifically, the coordinate-stochastic approaches (e.g. PALM, STORM) (14–17) have more fundamental restrictions for imaging of non-superficial structures due to the total internal reflectance fluorescence (TIRF) microscopy configuration that limits fluorescence illumination to the thin layer immediately adjacent to the glass coverslip (18). In contrast, coordinate-targeted approaches, such as stimulated emission depletion (STED) microscopy, can potentially image in deeper layers (30 - 50 µm) of biological samples (e.g. the whole-mount mouse retina) by taking the advantage of optical sectioning originating from the confocal basis of the setup (19) (Figures 1A, B).




Figure 1 | Principle of STED microscopy and application in the mouse retina (A) Schematic organisation of an inverted STED microscope used in this work. In addition to the excitation laser (green) the microscope includes a red shifted depletion laser (red) which is converted into a donut shape by passing through a gradient phase plate. Depletion and excitation lasers are aligned with dichroic mirrors and focused on the sample. Emission photons (orange) are passed back through a pinhole. Distinct emission wavelengths are separated in the prism scan head and transmitted to multiple hybrid detectors (HyDs). NA, numerical aperture. (B) Illustration of the whole-mount mouse retina for STED imaging of retinal ganglion cells (RGCs) in the inner retina and horizontal cells (HCs) in the outer retina depicted in cyan. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. (C) Lateral resolution is improved with STED microscopy: The donut-shaped depletion laser depletes emission from the periphery of the excited volume and reduces the effective point spread function. (D) Jablonski diagram depicting the energetic principles behind the fluorescent depletion effect. Excitation light lifts the fluorophore from its ground state (S0) into a higher energetical level (excitation). The fluorophore drops into the S1 state via vibrational relaxation. When the fluorophore drops from its S1 to its S0 state energy is released in the form of fluorescent emission (emission). However, when the fluorophore in its S1 state is depleted the energy level decreases without emitting fluorescence (depletion).



STED microscopy differs from confocal microscopy by including an additional “donut-shaped” depletion laser, which is aligned to the central Gaussian-shaped excitation laser (Figures 1A–C). Here, the fluorophore is first excited by the excitation laser, and then it is either subdued by the depletion laser or spontaneously emits fluorescence (Figure 1D). The donut shape of the depletion laser enables fluorescence emission from the centre while restricting it in the spatial surround. This scales the effective point spread function (PSF) down by reducing the volume from which fluorescence is generated and detected (Figures 1C, D) (4, 20). The main challenge when using STED imaging lies in the additional artefacts created by biological tissue: absorption, spherical aberration and light scattering intensify with increasing tissue depth (19), resulting in the generation of out-of-focus fluorescence and minimising the STED effect. To some extent, one can compensate for these effects by increasing the intensities of both excitation and depletion lasers. However, given that STED requires high laser intensities by itself, further increasing the laser power comes with a trade-off in photo-damaging effects and thermal drift as well as reducing the signal-to-noise ratio (SNR), which is already quite low in STED microscopy per se. Even though in-depth super-resolution imaging is challenging, there are questions in neuroscience that can be only addressed within thick specimens. For instance, STED imaging was applied in acute hippocampal slices at depths of 90–120 µm, where it helped to resolve the actin dynamics of dendritic spines (11).

As a part of the brain, the mammalian retina has a defined layered structure (21) that enables easy access to neuronal compartments. Moreover, the chemical and electrical synapse types in the retina represent those found across the rest of the central nervous system quite well (22–24). Given these features, valuable insights can be gained by applying super-resolution microscopy to the retina (25, 26).

At the surface of the retinal tissue, retinal ganglion cells (RGCs) sample the visual input via the vertical photoreceptor-bipolar cell pathway and project the information via the optic nerve to higher areas of the brain (Figure 1B) (27). Using immunolabeling against some neurofilament structures, specific types of RGCs can be easily visualised. This approach offers two advantages: first, it labels only a subfraction of all RGC types, and thus, enables the identification of individual cells. Second, labelling the neurofilament structures visualises all cellular compartments of an individual RGC – soma, dendrites, and axon. Therefore, neurofilament staining provides a suitable starting point for establishing a high-resolution imaging approach.

Horizontal cells (HCs) are interneurons in the outer retina. The complex feedback synapses between photoreceptors and HCs in the mouse retina are anatomically and functionally well described (28). In addition, they have been shown to form synaptic contacts with bipolar cells (BCs) using electron microscopy (29–32). A recent study has identified bulbs along HC dendrites, which likely represent the synaptic contacts between HCs and BCs (33). Intriguingly, these bulbs are located below the very distal HC dendritic tips, suggesting that they do not contact cones, but co-localize with synaptic landmarks, such as mitochondria and GABAC receptors. The presence of such a HC-to-BC feedforward signalling spatially separated from the HC-photoreceptor contacts is appealing, because HC feedback to photoreceptors is thought to operate locally and to be minimally influenced by global HC computations (34). Still, HC feedforward signalling is still understudied and functional experiments testing the involvement of HC-to-BC signalling in the generation of BC responses are missing.

Taken together, the complex synaptic connectivity pattern of mouse HC cells with distinct synaptic sites (33) and synaptic mechanisms (28), makes this interneuron one of the most fascinating cells in the mouse retina. In particular, at the level of synaptic and subsynaptic organisation, HCs may always be good for a surprise (34). In this study, we developed a reliable protocol for STED imaging in the whole-mount mouse retina. First, we optimised the sample preparation and imaging settings for imaging RGC neurofilament structures close to the surface of the retinal tissue. Second, we adapted our approach for imaging synaptic structures of HCs deeper in the outer retina.




Methods




Animals & whole-mount retina tissue preparation

Retinae from adult (4-13 weeks old) male and female mice of the C57BL/6J wildtype line were used for this study. The animals were deeply anaesthetized with isoflurane (CP-Pharma, Germany) and were sacrificed by cervical dislocation. All animals were handled in accordance with the European and national government regulations following the European animal welfare law. The eyes were quickly enucleated, and all further dissection steps were performed in 0.1 M phosphate saline buffer (PBS) (pH 7.4). Cornea, lens and vitreous body were carefully removed. The retina was dissociated from the eyecup and mounted RGC side-up as a whole retina or cut in three or four pieces on black nitrocellulose membrane (0.8 mm pore size, Millipore, Ireland).




Immunohistochemistry of the inner retina

The whole-mount retina preparations (for imaging of the inner retina) were fixed using 4% paraformaldehyde (PFA) in 0.1 M PBS for 20 minutes at 4°C, washed with 0.1 M PBS (6 x 20 minutes at 4°C) and blocked with blocking solution (10% normal goat serum (NGS) and 0.3% Triton X-100 in 0.1 M PBS) overnight at 4°C. Afterwards, the samples were incubated with primary antibodies (see Table 1 below) solution with 0.3% Triton X-100 and 5% NGS in 0.1 M PBS for 4-9 days at 4°C. The samples were then washed with 0.1 M PBS (6 x 20 minutes at 4°C) and incubated with secondary antibody (see Table 2 below) solution in 0.1 M PBS overnight at 4°C. After another washing step (6 x 20 minutes at 4°C), the retinae were embedded in mounting media on a glass slide. Different types of mounting media were used. ProLong Gold (ThermoFisher Scientific, USA) and Vectashield (Vector Laboratories, USA) were used according to the Manufacturers’ protocol. Abberior TDE Mounting Medium O (Abberior, Germany), was used according to manufacturer prescriptions with elongation of each incubation step to 1 hour (see description below). The samples were covered with high-precision coverslips (No. 1.5H, Carl-Roth GmbH, Germany), sealed with transparent nail polish and left overnight at 4°C.


Table 1 | The following primary antibodies were used.




Table 2 | The following species-specific secondary antibodies were used.






Cryosectioning and immunolabeling of horizontal sections of the outer retina

To prepare retinal pieces for horizontal sectioning (and imaging of the outer retina), retinal pieces, isolated as previously described, were fixed in 4% PFA solution for 20 minutes as described above. After fixation, the retinal pieces were washed in 0.1 M PBS (3 x 10 minutes) at 4°C, separated from the nitrocellulose membrane and passed through a series of incubations in sucrose-PBS solutions with increasing concentration. All sucrose incubations were performed at 4°C. First, retinae were kept in 10% sucrose solution for 1 to 2 h, until all pieces sank to the bottom. Retinae were then transferred into 20% sucrose solution and incubated for an additional 1 to 2 hours, again until all pieces subsided, before being transferred to a 30% sucrose solution, in which they were kept overnight. Retinal pieces were transferred into tissue freezing medium for preincubation before being mounted to the sample holders of an Epredia CryoStar NX50 Cryotome (Thermo Fisher Scientific, USA). In order to section the retinae along the xy axis as horizontally as possible, tissue freezing medium was applied to the sample holders of the cryotome and frozen solid. The cryotome was then used to cut an even plane into the frozen medium big enough to fit one retinal piece. Retinal pieces were aligned on a glass slide wrapped in parafilm with the RGC layer facing downwards. Single pieces were then picked up by carefully descending the plane of frozen medium with the sample holder on it. Additional freezing medium was used to fully cover the retina, before the sample was quickly frozen with liquid nitrogen. The sample holder was then placed back into the cryotome and 50 µm thick horizontal sections of the retina were cut. Cut sections were picked up using superfrost slides (Thermo Fisher Scientific, USA) and dried for 1 hour at 37°C on a heating plate.

Retinal slices mounted on microscopy slides were surrounded by PAP pen (Science Services, Germany) and solutions were directly applied on the slides. After cryosectioning, the retinal sections were washed in 0.1 M PBS (6 x 20 minutes) at 4°C. 0.1 M PBS was removed and unspecific antigens were blocked by incubating the retinae in 10% NGS and 0.3% Triton-X-100 in 0.1 M PBS overnight. The blocking solution was then removed, and primary antibodies were added (see Table 1). The antibodies were diluted in 5% NGS and 0.3% Triton-X-100 in 0.1 M PBS to the concentration specified by the respective manufacturer. To accommodate the distinct diffusion time of the antibody within the cut samples of minor thickness, retinal slices were incubated for two days. After incubation, unbound antibodies were removed by washing the retinae again (6 x 20 minutes) with 0.1 M PBS at 4°C before adding the secondary antibody. Secondary antibodies, which are conjugated to fluorophores of choice (see Table 2), were diluted in 0.1 M PBS to the concentration specified by the manufacturer and retinae were incubated with the solution overnight. To remove excess antibodies, the retinae were again washed in 0.1 M PBS (6 x 20 minutes) at 4°C. All retinae were mounted with a 2,2′-thiodiethanol-based embedding medium (TDE, Abberior, Germany. Some retinae were mounted with the 120 µm thick spacers (Secure-seal spacer, Invitrogen, USA) between slice and coverslip. One drop of 10% TDE solution was added to cover the retinal pieces and left to incubate for 1 hour at 4°C. Afterwards, the 10% solution was exchanged with 25% solution and incubated again for 1 hour, before being exchanged again for a 39% TDE solution. The retinae were incubated in the 39% solution for 45 min before the medium was substituted for the final 97% TDE solution. The samples were left to incubate for an additional 45 minutes before and high-precision coverslips were carefully put on top of the retinal pieces and spacers. The sample was sealed by applying nail polish to the edges of the coverslip and the polish was left to dry overnight at 4°C before imaging experiments were performed.




Confocal and STED imaging

Confocal and STED imaging were both performed at the same microscope setup using a DMi8 inverse microscope (Leica, Germany) with three oil immersion objectives with 20x (NA 0.75), 63x (NA 1.4) and 100x (NA 1.4) magnification (Leica, Germany) in combination with the TCS SP8 STED setup (Leica, Germany). The microscopy setup included three pulsed excitation lasers, one with 488 nm (Leica, Germany) and two additional lasers with 532 nm and 635 nm wavelengths (OneFive, Switzerland). For depletion, a continuous-wave 592 nm and a gated/pulsed 775 nm STED laser were used. The intensities of the depletion lasers were experimentally chosen and were 0.65 W (43% of maximum value) for the 592 nm laser and 0.45 W (30% of maximum value) for the 775 nm laser. The microscope function was controlled was controlled with the LAS X software (Leica, Germany). Fluorescent emission was split and quantified using the integrated prism scan head and photomultiplier tubes (PMTs) and/or hybrid detectors (HyDs). For STED imaging only HyDs were used. The scan head allowed for the free selection of the emission wavelength spectra to be captured and measured. For STED imaging, xy-pixel and z-step size were chosen in accordance with the Nyquist–Shannon sampling theorem. This meant that STED imaging was only performed with the 100x objective and using an image size of 2048 x 2048 pixels. An additional 3-4 x zoom was applied, resulting in an effective pixel size of 14 - 20 x 14 - 20 nm. Minimal z-step size was manually calculated and set to 130 nm. Bidirectional scanning was enabled, and each line was scanned three times with pixel intensities being accumulated. For each z-section of an image stack three lines or frames were imaged and intensity values averaged. Excitation and depletion laser intensities as well as PMT/HyD gain were determined via testing of signal strength and photobleaching. Laser intensities and gain thus differed on a case-to-case basis but were kept consistent within experiments. Confocal imaging was performed by disabling the depletion lasers while keeping the excitation lasers on. If the same region was imaged with both STED and confocal microscopy, confocal imaging was typically performed before STED to prevent photobleaching from the high intensity depletion laser. When the same region was imaged in multiple fluorescent channels, fluorophores with higher excitation/emission wavelengths were imaged first. Imaging data was saved as lif-files, with z-stacks being represented as different series within one file.




Image processing and analysis

Acquired images were processed and analysed by LAS X (Leica Microsystems) and ImageJ (National Institutes of Health, USA) software. Stabilisation and deconvolution of STED images were performed by Huygens Software (Version 17.10.0p6 64b, SVI, Netherlands). The deconvolution was performed with the Classical Maximum Likelihood Estimation (CMLE) algorithm under experimentally defined settings. Images were deconvoluted using theoretical PSFs calculated for the DMi8 STED microscope and the 100x (NA 1.4) objective used in this work. No lateral drift and bleaching corrections were performed, and most settings were kept at default values. The background level was estimated by software, the quality threshold was 0.001, the number of iterations was 50, the SNR was set to 7 for STED images. In ImageJ, the original and deconvolved z-stacks were typically transformed into a single maximum intensity projection and saved as raw files for further analysis. For presentational purposes image contrast and brightness were automatically optimised, channels depicted in defined colours and scale bars inserted. All quantifications and processing were performed in unprocessed (= not deconvolved or brightness-adjusted data) unless otherwise specified.

Image analysis was performed using the open-source software ImageJ in its Fiji distribution and custom scripts written in the R programming language. For direct extraction of intensity values, a line selection was performed in ImageJ and values along the selection were extracted for all channels manually or using a custom written ImageJ macro. For determination of the full width at half maximum (FWHM), line profiles were fitted (Gaussian curve, non-linear least square (NLS) approximation) using R free programming software. In short, raw image files were imported into R and transformed into intensity value matrices. Coordinates were selected using the shiny plug-in for R and intensity values along a vector between both coordinates were saved. A Gaussian curve was fitted to these values using the NLS approach and the nls-multstart package. The general formula for the fitted curve was defined as:

	

The x values with   were defined and the distance between both x values was calculated as the FWHM: For structures in the inner retina (RGC structures), we used an unconstrained NLS fit. In the outer retina (HC structures and GABA receptors), we used multiple constraints in our model: First, we defined s as s ≥ 25 determining the width of the Gaussian curve with a minimal FWHM of 58.8 nm. With our imaging system, sample probes and previous results from the RGC layer we did not expect FWHM values below this limit. Second, under the assumption that the brightest pixels along the line represent the structure we are interested in, we defined fmax ≥ maximum intensity, and thus, prevented the model from being biassed by unspecific background noise. Third, we defined u as 50 ≤ u ≤ length of line -50 nm to ensure that the model doesn’t fit the curve to unspecific noise at the borders of the extracted vector. Overall, constraining our model produced fits that improved in describing the observed signal. The process was repeated with the previously defined coordinates for all corresponding images. It has to be emphasized that the measured FWHMs depend strongly on the structures measured and only give an approximation of the spatial resolution that can be achieved in this sample. The smallest measured FWHM that we could achieve in xy with this STED microscope (as measured with 100 nm fluorescent beads) was 106.8 ± 4.1 nm (mean ± SD, n = 2) nm with the 532 nm excitation/775 nm depletion laser pair. However, we expect that smaller fluorescent beads/quantum dots would allow us to measure smaller FWHMs and get a better estimate of the best resolution.

For the resolution enhancement factor (REF), the ratios between corresponding confocal and STED FWHMs as well as STED and deconvolved STED FWHMs were calculated and saved along the absolute FWHMs. Furthermore, the formulae of the fitted curves, the extracted intensity values and the determined coordinates were also saved in the same Excel (.xlsx) file.

For calculating the theoretical REF ( ) the following formula was applied:

	

The signal-to-background ratio (SBR) was calculated as  ,where   was defined as the maximum pixel intensity along the previously defined line selection and   as the term   from the fitted Gaussain curve. We omitted values where   as we believe that these backgrounds were unreasonably dark.

For dendritic bulb identification, pixel intensities for the Calbindin and SMI32 stainings were normalised in ImageJ. Here the brightest pixel of a z-slice was set to 255 and the darkest to 0. All other pixel intensities were scaled accordingly. The normalised pixel intensities of Calbindin and SMI32 stainings were then subtracted for a line defined across the bulb/non-bulb.




Statistics

Data representation and statistical analysis was performed using Prism 9 software (GraphPad, US) or in the R programming language. For Prism 9, data sets were copied into grouped tables as required and statistics were calculated using the analysis function. For complex data featuring various groups, each with multiple subcategories, 2-way ANOVA combined with a Tukey’s multiple comparisons test was performed. Paired data with only two categories was subjected to Shapiro-Wilk normality testing and two-tailed paired t-test was used for analysis of normally distributed data, Wilcoxon signed-rank test was used otherwise. Unpaired data with only two categories was analysed using an unpaired t-test or Wilcoxon rank sum test. Significance was defined as: p > 0.05 = ns, p< 0.05 = *, p< 0.01 = **, p< 0.001 = ***, p< 0.0001 = ****, p< 0.00001 = *****, p< 0.000001 = ******. Mean values in text and figures are given as mean ± standard deviation (SD).





Results

To establish STED microscopy (Figures 1A, B) in the mouse retina, we used whole-mount preparations labelled with a primary antibody against neurofilament H (from here on: SMI32 labelling) and secondary antibodies conjugated with synthetic dyes. The required labelling density was achieved by increasing the concentrations of both primary (2x, Table 1) and secondary (≤ 10x, Table 2) antibodies compared to commonly used concentrations of respective antibodies. We improved the sample preparation by choosing the best-performing spacer type between slide and coverslip, mounting medium, and synthetic dyes (see Methods). We tried both conventional dyes (Alexa Fluor) and new-generation dyes (STAR, ATTO, Chromeo) specifically developed for STED microscopy. We tested photostability and selected dyes with the lowest bleaching effects at 488 and 635 nm excitation. For both green and far-red dyes, new-generation dyes were more photostable than Alexa Fluor dyes. For far-red dyes (ATTO647N and STAR635P), we never observed bleaching with our experimental conditions.

To avoid physical squeezing of the retinal tissue upon mounting, we placed spacers in between the slide and coverslip. For this purpose, we used commercially available silicon spacers.

The choice of mounting medium was determined by its refractive index (n). We tested four different mounting media: Abberior Liquid AntiFade (n = 1.38), Vectashield (n = 1.47), Abberior TDE (n = 1.51) and ProLong Gold (n = 1.47). Abberior Liquid AntiFade had a lower refractive index than the immersion oil (n = 1.52) and was thus excluded from further experiments. We hypothesised that ProLong Gold should be the most stable medium as it was the only polymerizing mounting medium in our study. However, we observed strong axial drift when switching from confocal to STED mode, which we could not correct for. Vectashield mounting medium is not recommended by STED manufacturers because it absorbs light in the red range of the spectrum and is incompatible with large-Stokes shift dyes. However, in our experiments, only a minor difference in resolution with Vectashield and Abberior TDE could be observed (resolution of STED images determined as the full width at half maximum (FWHM, see Methods); with Abberior TDE: 118.2 ± 23.2 nm (n = 24 structures, n = 3 images); with Vectashield: 144.9 ± 35.1 nm (n = 20 structures, n = 3 images; mean ± SD, p = 0.01, Wilcoxon rank sum test). Finally, we chose Abberior TDE as the most stably performing mounting medium with its only constraint being the short lifetime of the specimens at around 1.5 - 2 weeks in our hands.




Optimization of acquisition settings for STED microscopy

The main feature of a scanning STED microscope is the depletion laser (Figures 1C, D). Our STED microscope was equipped with two depletion laser lines with 592 and 775 nm wavelengths. While the 592 nm depletion laser was used together with the 488 nm excitation laser, the 775 nm depletion laser depleted the emission of fluorophores excited with either the 532 or 633 nm excitation laser. The orange beam (592 nm) is a continuous-wave laser, whereas the far-red one (775 nm) is a pulsed/gated laser (Figure 2B). The resolution of STED imaging depends – among other factors – on the saturation factor (Imax/Is, Figure 2A) (35). The saturation factors for our acquisition settings were calculated by the LAS X software. With the 592 nm continuous-wave depletion laser, we could achieve a maximum saturation factor of 7.5 without severe bleaching of the 488 nm dye at laser intensity 0.65 W (Figure 2C). In contrast, with the 775 nm laser the saturation factors were as high as 30 for the 633 nm excitation laser (Figure 2D) and 28.6 for the 532 nm excitation laser at a relatively low laser intensity of 0.45 W, likely due to the fact, that a high density of 775 nm photons is ‘pumped’ into the pulsed events whereas the photon number in the between-pulse intervals is minimal (Figure 2B). Therefore, we suggest that using the pulsed depletion laser results in both better resolution and minor photo-damaging compared with the continuous wave depletion laser.




Figure 2 | Representative SMI32-labelled structures in the inner retina acquired with different STED lasers (A) Formula for the lateral resolution of STED microscope with the saturation factor Imax/Is with Imax as the maximally applied laser intensity and Is as the STED laser intensity at which half of the fluorescence is lost. (B) Temporal conditions of STED imaging. Ideally, all depleting photons act when fluorophores are in the singlet-excited state S1 and fluorescence must be registered after the stimulating photon’s action. Experimental time sequences are shown for the excitation (green), the depletion (red), and the emission signal detection (black) for continuous-wave STED (592 nm, top) and gated/pulsed STED (775 nm, bottom) microscopy. (C, D) Representative confocal (left) and STED (right) images acquired with different excitation and STED depletion lasers (592 nm in C, and 775 nm in D). For C, the excitation wavelength was 488 nm, and the dye was STAR488. For D, the excitation wavelength was 635 nm, and the dye was ATTO647N. Scale bars: 1 µm.



In general, we obtained more comparable fluorescence intensities by adjusting the excitation laser intensity for every specimen separately and increasing it with larger imaging depths. We defined the xy-pixel size as 14 - 20 nm according to the Nyquist-Shannon sampling theorem. Other imaging settings were adjusted experimentally. The bit depth was 12 bit, and we used 3x line accumulation with or without 3x frame averaging. Frame averaging was commonly used to decrease unspecific noise, however, in our case, the laser exposure was sometimes too high and led to thermal effects and physical deterioration of the sample upon imaging from the same focal plane.




Super-resolution microscopy of retinal ganglion cell structures in the inner retina

Super-resolution STED microscopy at larger depths in samples remains challenging due to scattering within biological tissue, which leads to decreased depletion efficiency in deeper layers. This restricts efficient STED imaging to the superficial 50-70 µm of the sample. In the retina this, corresponds to the ganglion cell layer with the somata and axons of RGCs, and the inner plexiform layer, which roughly comprises of dendrites and synaptic connections of RGCs, BCs and amacrine cells (ACs) (Figures 1B, 3A). SMI32 labelling reveals intermediate filaments in axonal bundles of RGCs (Figure 3B) as well as dense cytoskeletal network structures in RGC somata (Figure 3C) at a depth of 25-30 µm. Imaging in the inner plexiform layer at a depth of 40-50 µm visualised the dendritic arborisation of RGCs (Figure 3D). However, as discussed above, the signal-to-background ratio (SBR) drops when increasing the imaging depth.




Figure 3 | Confocal and STED imaging of SMI32-positive retinal ganglion cell structures in the inner retina (A) Scheme of experimental design for imaging RGC structures in the inner retina. Retinae were dissected, mounted on filter paper, immunolabelled, mounted on glass slides and imaged.  (B-D). Representative example images of RGCs’ axon bundles (B), soma (C) and dendrites (D) imaged in the confocal (conf.) and STED mode at a depth of ~30 µm (axons, soma) and ~50 µm (dendrites). For B, the excitation wavelength was 635 nm, and the dye was STAR635P. For C and D, the excitation wavelength was 635 nm, and the dye was ATTO647N. Scale bars: 5 µm; for insets: 1 µm.



As an approximation of spatial resolution, the FWHM was calculated by selecting thin filamentous structures and fitting a Gaussian curve to the intensity values of respective confocal and STED images using a custom-written R script (see Methods). The described approach allowed paired comparison between the resolution of confocal and STED images (Figure 4A). The mean FWHM of filamentous structures in confocal images was 254.1 ± 23.0 nm, coming close to the diffraction limit of approx. 200 nm. In comparison, the FWHM of STED images was 118.2 ± 23.2 nm and therefore surpassed the theoretical diffraction limit (n = 24 structures measured, n = 3 images, mean ± SD) (Figure 4B). As the FWHM is calculated from differently sized biological structures, it strongly depends on the structures selected and can vary between conditions. Thus, it does not strictly represent the theoretical maximal resolution of the microscope (see Methods). To correct for this effect, a resolution enhancement factor (REF) was calculated (35), which was defined as the ratio of STED FWHM to confocal FWHM of the same structure. Here, the REF peaked at 2.21 ± 0.36 (mean ± SD) and ranged from 1.50 to 3.09 in the dendrites of RGCs (Figure 4C). The maximal theoretical REF for a saturation factor 30 for this experiment is 6.79 (see Methods).




Figure 4 | Super-resolution STED imaging of SMI32-positive retinal ganglion cell dendrites in the inner retina reveals spatial resolution enhancement (A) Example structures (top, dendrite of a SMI32-positive RGC) for resolution estimation and with FWHMs for dendritic structure for confocal (blue) and STED (orange) (bottom). FWHM intensity profiles taken at the indicated position in example confocal and STED images. (B) Comparison of FWHMs in confocal (blue) and STED (orange) images (p< 0.0001 = ****, Wilcoxon signed-rank test, n = 1 animal; n = 24 filamentous structures from 3 images, horizontal bars indicate means, grey lines connect corresponding values). (C) Histogram of resolution enhancement factor quantified as ratio between the FWMHs of confocal and STED images (n = 24). For A, the excitation wavelength was 635 nm, and the dye was ATTO647N. Scale bar: 1 µm in A.



In some retinal samples, lateral and axial drift occurred at the stage of sample imaging. We tackled this problem using the Huygens Software (SVI) where appropriate. Although the image stabilisation tool performed well in lateral (xy) direction, allowing us to obtain good 3D stacks and time series, it provided no satisfying solution for axial drift (along the z-axis). The same software was used for image deconvolution (Figure 5A). We used a Classical Maximum Likelihood Estimation algorithm and adapted the program settings to obtain reliable deconvolution results. We compared both the FWHM and the SBR of STED and deconvolved STED images. While the deconvolution only marginally (though significantly) increased the resolution of STED images (STED, FWHM = 125.7 ± 36.0 nm; STED deconvolved, 107.2 ± 17.6 nm, n = 26 structures, mean ± SD, p< 0.001, Wilcoxon signed-rank test) (Figures 5B, C), it did increase the SBR (STED, 3.3 ± 0.7; STED deconvolved, 16.2 ± 7.2, n = 26 structures, mean ± SD, p< 0.0001, paired t-test) and smoothened intensity profiles of given structures (Figures 5B–D).




Figure 5 | Deconvolution increases resolution and SBR for retinal ganglion cell dendrites (A) Representative example STED image without (top) and with deconvolution (bottom). (B) Top: Zoomed-in region as indicated in (A) Bottom: FWHM intensity profiles taken at indicated position without (STED) and with deconvolution (Deconv.) (C) Quantification of the effect of deconvolution on FWHMs (p< 0.001 = ***, Wilcoxon signed-rank test, n = 1 animal; n = 26 structures from 1 image, horizontal bars indicate means, grey lines connect corresponding values). (D) Quantification of the effect of deconvolution on SBR (p< 0.0001 = ****, paired t-test, n = 1 animal; n = 26 structures from 1 image, horizontal bars indicate means, grey lines connect corresponding values). For A and B, the excitation wavelength was 635 nm, and the dye was ATTO647N. Scale bars: 5 µm in A, 1 µm in B.






Super-resolution microscopy of horizontal cell axon terminals in the outer retina

Compared with the inner retinal structures, we did not achieve an increase in resolution when we imaged SMI32-labelled HC axon terminals in the STED mode at larger depth in the outer retina (Figures 6A, B, F, G). One possible reason for this is scattering of both the excitation and depletion lasers during their passage through the tissue and, thus, misalignment of the spatially optimal laser configuration and a decrease of the STED effect. Theoretically, adaptive optics may allow the application of STED in deeper tissue while retaining super-resolution (36, 37). However, this approach would likely increase imaging duration and photobleaching. A more straightforward way, avoiding adaptive optics, is physical horizontal sectioning of the retinal whole-mount so that the structures of interest lay just below/at the section surface (Figure 6C, see Methods). We chose horizontal cryotome sectioning due to its widespread availability. Here, we cut off the inner layers of the whole-mounted retina to expose HC structures to the surface and image them (Figure 6C).




Figure 6 | STED imaging of horizontal cell structures in the outer retina (A) Comparison of confocal (left) and STED (right) images of SMI32-stained HC axon terminals at a depth of ~130 µm in the retinal whole-mount imaged through the inner retina. Each image was first taken in confocal mode and then in the STED mode to allow a direct comparison. (B) Confocal (blue) and STED (orange) FWHMs of the same neuritic structure as indicated in (A), (C) Scheme of alternative experimental design for imaging structures in the deeper outer retina. Retinae were horizontally cryosectioned, mounted on glass slides, immunolabelled, and imaged. (D) Example confocal and STED images of SMI32-stained HC axonal structures taken with (top) and without (bottom) silicon spacers between slide and coverslip. (E) Confocal and STED FWHMs of the same neuritic structures in (D), (F) Quantification of FWHMs of corresponding HC structures in confocal (blue) and STED (orange) imaging mode for whole-mount condition (whole-mount HC) and horizontally cryosectioned retina (cryo HC) with and without spacers (whole-mount HC n = 1 animal/24 structures, Cryo HC + spacer n = 1 animal/26 structures, Cryo HC n = 1 animal/30 structures, p< 0.0001 = ****, ns = not significant, paired t-tests, horizontal bars indicate means, grey lines connect corresponding values). (G) Violin plot showing the resolution enhancement factor calculated as the ratio of the corresponding FWHMs in confocal and STED images for the three experimental conditions, horizontal bars indicate means (p< 0.0001 = ****, p< 0.00001 = *****, ns = not significant, Wilcoxon rank sum test). For A and D, the excitation wavelength was 532 nm, and the dye was ATTO532. Scale bars: 5 µm in A,D.



Intact and horizontally cryosectioned whole-mounted retinae were stained against SMI32 using ATTO532 as the fluorophore. One set of horizontal cryosections was surrounded by a 120 μm thick silicon spacer to minimise the physical pressure of the coverslip on the retina, to avoid squeezing and an eventual change of the FWHM of fine structures. In the other set, the retinal sections were directly touching the coverslip without any spacer (Figures 6D, E). Images were taken in each condition first using confocal mode and then switching to STED, and thus, imaging the exact same region. Again, we calculated the FWHMs of filamentous structures as a measure for the resolution in both confocal and STED images (Figures 6B, E). We did not find any significant change of the FWHM for STED compared to confocal images of HC structures in the intact retina (confocal, 319.5 ± 131.6 nm; STED, 358.3 ± 138.9 nm; mean ± SD; p = 0.11, paired t-test) (Figures 6A, B, F). Interestingly, in the intact whole-mount, the variability of FWHMs for STED images was strongly increased at the HC level (Figure 6F), likely illustrating the random effect of scattering in heterogeneous and deep tissue. In contrast, in both cryosection conditions (with and without spacers), we did not see such a pronounced effect on the variability. However, here we found significantly improved STED FWHMs with spacer (confocal 367.4 ± 86.4 nm; STED, 271.6 ± 85.6 nm; mean ± SD; p< 0.0001, paired t-test) and without spacer (confocal, 302.7 ± 94.0 nm; STED, 230.1 ± 85.4 nm; mean ± SD; p< 0.0001, paired t-test), thus indicating that horizontal sectioning indeed reduces aberrations in STED microscopy (Figures 6D–F). While not significantly different (confocal p = 0.09 and STED p = 0.44, 2-way ANOVA test), both confocal and STED FWHMs tended to be slightly smaller in cryosections mounted without silicon spacers, possibly reflecting a better fit with the working distance of the microscope objective. To correct for differently sized biological structures, we calculated the REF in all conditions (Figure 6G), which validated the previous results: STED in whole-mounted retinae did not alter the resolution in HC axon terminals (0.95 ± 0.35, mean ± SD). In contrast, the relative resolution in the cryosectioned groups was improved by the factors 1.44 ± 0.08 (mean ± SD; with spacer) and 1.38 ± 0.07 (mean ± SD; with spacer). With the saturation factor of 28.6 in this experiment, the maximal theoretical REF is 6.6. The REF in HC structures in cryosectioned retinae did not significantly differ from the whole-mounted RGC axons imaged in the same set of experiments (REF: 1.41 ± 0.50, n = 1 animal, n = 23 RGC structures; mean ± SD; p = 0.46 compared to HC with spacer and p = 0.77 compared to HC without spacer, Wilcoxon rank sum test). Interestingly, the mean SBRs of SMI32-positive HC structures were similar in the intact whole-mounted and both cryosectioned conditions (whole-mounted, 8.8 ± 15.3, n = 24 structures; cryosectioned with spacer, 12.6 ± 20.4, n = 25 structures; cryosectioned without spacer, 7.5 ± 8.6, n = 28 structures, all imaged in the STED mode, mean ± SD). However, as expected from the diffuse nature of SMI32-staining, there were large differences between the SBRs of single structures (Figure 6D), as indicated by the high SD values. Structures with low SBR were frequently encountered in all three conditions.




Identification of dendritic bulbs of horizontal cells

After confirming that the antibody staining and STED imaging protocols work as anticipated for the outer mouse retina, we applied our approach to the outer synaptic circuits. Bulb structures on HC dendrites have been recently identified as putative synaptic sites between HCs and BCs (33). Therefore, we aimed at investigating this synapse type using super-resolution microscopy. We first identified HC bulb structures in the cryosectioned retina using confocal microscopy. The calcium-binding protein Calbindin is expressed throughout HCs, with anti-Calbindin staining being used to visualise the whole cell including soma, dendrites, and axon terminals. In HCs, neurofilaments are only expressed in the axon terminal system and can thus be used to distinguish between dendritic and axonal structures (38). GABA ρ2 is a subunit of GABAC receptors, which in the outer retina is exclusively expressed on BCs, thus indicating postsynaptic BC sites. Before performing a triple staining, primary antibody functionality was tested in single and double stainings, observing structures known to express the targets of the antibodies with confocal microscopy (Calbindin for HC somata, dendrites and axons, SMI32 for HC axons, GABA ρ2 for GABA ρ2-expressing receptor clusters in the HC layer).

Dendritic HC bulbs were characterised as Calbindin-positive and SMI32-negative structures that possibly co-localize with GABA ρ2 (33). Bulb identification was performed using lower magnification confocal microscopy (100x objective, 2.1× digital zoom) and imaging Calbindin and SMI32 in large z-stacks, spanning the whole HC layer. Calbindin and SMI32 images were superimposed, and single z-slices were manually scanned for bulb structures (see examples in Figure 7A). Surprisingly, only few SMI32-negative structures could be observed, suggesting that HC dendrites are not isolated from axons but co-fasciculate, and thus, cannot be easily distinguished under the microscope. However, several round and ‘blobby’ SMI32-negative thickenings could still be detected emerging from double positive structures, which we assumed to be HC dendritic bulbs (Figure 7A). Such identified bulbs were further examined by extracting normalised SMI32 and Calbindin intensity values along a line selection which was put through each bulb (Figures 7B, C). Bulbs were more positive for Calbindin than for SMI32 and underlying SMI32 signals did not follow the shape of Calbindin signals (Figure 7B). Intensity values were also extracted from line selections of control structures (dendritic thickenings, non-bulbs), which we assumed to be double-positive (Figure 7A top panel, C). In some rare cases Calbindin or SMI32 staining intensities reached a plateau which was likely caused by signal saturation (Figure 7B top panel, C). However, within-bulb differences between the weaker SMI2 and stronger Calbindin signals could still be observed (theoretically, the signal difference would have been even more prominent without saturation) (Figure 7D). For further comparison and statistical analysis, mean staining intensities along the lines were calculated for each structure. SMI32 and Calbindin signals did strongly correlate in many non-bulb controls but never in the bulbs (Figure 7D). Indeed, the average intensity difference was significantly higher for the HC bulbs than for the non-bulb structures (bulbs, 102.55 ± 27.3; non-bulbs, -12.5 ± 47.8; mean ± SD; p< 0.000001, Wilcoxon rank sum test) (Figure 7E). Thus, although SMI32-positive/Calbindin-positive axons and SMI32-negative/Calbindin-positive dendrites of HCs did strongly co-fasciculate, the reliable identification of dendritic bulbs was possible.




Figure 7 | Identification of dendritic horizontal cell bulbs (A) Three example images showing three HC bulbs and one non-bulb identified in confocal single plane images z-stack slices. Retinal sections were imaged for Calbindin and SMI32. Bulb structures (bulb) positive for only Calbindin and non-bulb structure (non-bulb) positive for both SMI32 and Calbindin were identified (small white squares). (B) Intensity values for Calbindin and SMI32 stainings were extracted along a line through the three bulbs taken from (A) Plots show Calbindin and SMI32 intensity distribution across the three bulbs (dashed blue lines). (C) Intensity values for Calbindin and SMI32 stainings of a dendritic non-bulb taken from (A) (top panel). Plot shows Calbindin and SMI32 intensity distribution across the non-bulb (blue dashed line). (D) Mean intensities of Calbindin (red) and SMI32 (cyan) stainings along the lines through individual non-bulbs (left) and bulbs (right). Error bars indicate 95% confidence interval. The vertical grey lines connect corresponding Calbindin and SMI32 intensities within the same dendritic structures. (E) Violin plot showing the average intensity difference. Difference per pixel was calculated for multiple bulbs and non-bulb control structures, horizontal bars indicate means (n = 1 animal, n = 22 structures for bulbs, n = 22 structures for non-bulbs, p< 0.000001 = ******, Wilcoxon rank sum test). For A and B, the excitation wavelength was 532 nm, and the dye was ATTO532 for SMI32. For Calbindin, the excitation wavelength was 488 nm, and the dye was STAR488. Scale bars: 10 µm in A, 2 µm in B,C.






Identification of putative GABAergic synapse at bulb sites

To image HC bulbs and GABA ρ2 receptors with higher resolution, STED images of identified bulb structures were acquired. Bulbs were identified as described above using large confocal z-stacks, which were screened for bulbs directly at the microscope (Figure 8A). For this triple labelling approach, each primary antibody was paired with multiple secondary antibodies, coupled to different fluorophores, and imaged using both confocal and STED microscopy to identify fluorophores working optimally with three-colour STED (Figure 8B). Fluorophores of the Alexa Fluor family were tested but found to easily bleach. In the end, fluorophores of the STAR and ATTO families were chosen for their superior photostability, although in confocal imaging, they can be dimmer compared to Alexa Fluor dyes. To avoid spectral overlap in the triple staining and make use of the available excitation and depletion lasers, STAR488 was chosen for the Calbindin, ATTO532 for SMI32, and ATTO633 for GABA ρ2 staining. Bulbs were then zoomed-in using confocal live-view before Calbindin, SMI32 and GABA ρ2 stainings were subsequently imaged with the STED mode. Deconvolution was applied afterwards to increase SBR and better resolve the fine GABA receptor clusters. Interestingly, bulbs identified in confocal mode were often only weakly visible with higher-magnification (4.0× digital zoom) STED microscopy. However, bulbs that could be observed with STED correlated with multiple GABA receptor blobs/clusters (Figure 8C). Finally, we determined the FWHMs of GABA receptor clusters in deconvolved STED images (Figure 8D). Our quantification showed that the vast majority (93 out of 100) of analysed GABA ρ2-positive clusters had an FWHM under 200 nm, surpassing the xy resolution limit of confocal light microscopy. In fact, many FWHMs peaked at 110 to 120 nm (140.1 ± 443.8 nm, mean ± SD, n = 100 receptor clusters), which is within the ‘working range’ of the resolution limit of super-resolution STED microscopy (Figure 8E).




Figure 8 | GABAC receptor clusters can be localised on horizontal cell dendritic bulbs with high-resolution STED (A) Schematic showing experimental design to image dendritic HC bulbs with high-resolution STED microscopy. Individual bulbs are identified in sections of large confocal z-stacks (Bulb ID, see also Figure 3). Bulbs were zoomed into, imaged as STED z-stacks and visualised using maximum z-projections and deconvolution. (B) Triple staining experiment against Calbindin (red), SMI32 (yellow) and GABA ρ2 (cyan) showing a dendritic bulb (white square) imaged in the STED mode. The centre of the bulb is negative for SMI32 but positive for calbindin labelling. White square indicates the position of the bulb depicted as close-ups in C. (C) Zoomed-in bulb with triple staining against Calbindin, SMI32 and GABA ρ2 showing a HC dendritic bulb (from white square in B) imaged in STED mode and deconvolved. Note that GABA ρ2 receptor clusters (arrows) are located at the edges of bulb. (D) Example ρ2-positive GABA receptor cluster (top, small white square from C) with Gaussian fit and FWHM (bottom). FWHM intensity profile is taken at the indicated position (orange line). (E) Histogram showing distribution of FWHMs of GABA ρ2 clusters (in 10 nm bins) (n = 1 animal, n = 100 clusters). Dashed blue bar indicates xy resolution limit for confocal light microscopy (~ 200 nm), dashed grey bar shows FWHM mean for GABA receptor clusters (~ 140 nm, see Results section). For SMI32, the excitation wavelength was 532 nm, and the dye was ATTO532. For Calbindin, the excitation wavelength was 488 nm, and the dye was STAR488. For GABA ρ2, the excitation wavelength was 635 nm, and the dye was ATTO633. Scale bars: 5 µm in B, 1 µm in C, 0.25 µm in D.



In conclusion, we were able to reliably identify GABA receptor clusters on HC dendritic bulbs using super-resolution STED microscopy and could show that the FWHM of the GABA receptor clusters is clearly under the resolution limit of confocal microscopy.





Discussion

Super-resolution imaging of deeper layers of specimens has been established for different brain structures (11, 39). Here, we developed a reliable protocol for STED imaging in the whole-mount mouse retina. So far, the number of STED protocols for mouse retinal tissue is very limited (26). To optimise the imaging procedure, we adapted sample preparation and microscope settings. As the first retinal model system, we labelled neurofilaments in RGCs and found that – at a depth of up to ~30 µm – the spatial xy resolution could be increased by a factor of > 2. Next, we aimed at imaging synaptic structures of HCs in the outer retina at a depth of ~130 µm. Due to scattering of the laser light and misalignment of the excitation and depletion laser beams, super-resolution imaging in deeper layers of the outer retina did not yield resolution improvements. However, we established a method to circumvent this problem and to increase the resolution of STED microscopy when imaging in those deeper retinal layers: horizontal cryosectioning and removal of the inner retinal tissue allowed us to access HC neurites with STED imaging. Here, we visualised dendritic bulbs, which likely represent a novel type of synapse capable of GABAergic feedforward signalling from HCs to BCs. Thus, imaging in the whole-mount retina can help to describe the protein composition and scaffold at retinal synapses. Taken together, we are convinced that our protocol further expands the application portfolio of STED microscopy.




Resolution increment is determined by the saturation factor of the depletion laser

For single-colour STED microscopy and for imaging the fine structures as GABA receptor clusters, we chose the 775 nm depletion beam because with it we obtained a higher saturation factor than with the 592 nm laser. The two lasers differed in both laser architecture and temporal properties of excitation, depletion and detection. The 775 nm pulsed/gated laser allowed us to achieve a saturation factor of 30, which was theoretically sufficient for resolution scaling up to 6.79 times if compared with confocal microscopy (35). The main constraint with increasing depletion laser intensity was specimen overheating. Another problem that we faced was the loss of SBR with increasing imaging depth and light scattering in the tissue. To our knowledge, it is a common problem with several possible solutions (19, 20). We tried deconvolution and obtained a pronounced SBR improvement. To further increase contrast and improve the axial resolution, one can use a 3D STED approach with additional donut-shaped illumination perpendicularly to the optical axis (40) or adaptive optics (36, 37), or alternatively horizontal cryosectioning (see below).




Optimal resolution with the conventional antibody approach in the whole-mounted retina

A very crucial factor of every super-resolution microscopy approach is resolution estimation. For this purpose, we fitted a Gaussian to the line profiles of filamentous structures using the NLS algorithm. From the Gaussian fits, we determined the FWHMs and compared the values between imaging conditions. This approach, although widely used (41–43), is prone to errors (19) and relatively laborious. It requires isolated filamentous or punctuated nanometre-sized structures, which are not necessarily easy to find even in the samples labelled against cytoskeletal or calcium-binding proteins. In contrast, another approach, Fourier ring correlation analysis, could be performed without any prior information about the sample (44). Given the abundance of the antigen and the antibodies concentration, we had sufficient labelling density. However, given that the intermediate filament has a width of ~10 nm and is labelled by indirect immunodetection with antibodies having size of ~20 nm, the smallest measurable biological structure is theoretically restricted to approximately 50 nm in our case (45). Furthermore, the labelling with IgG antibodies may introduce artefacts into the imaging (40) making some densely packed antigens inaccessible for labelling. This challenge can be overcome by targeted labelling with small molecules (e.g. nanobodies, protein/peptide-directed labelling, aptamers or click chemistry-based labelling of single amino acids (46–49)).




Sample preparation and immunolabeling for STED microscopy in the whole-mount mouse retina

In combination with the cryosectioning, a protocol for an immunocytochemistry triple staining for STED imaging was developed and tested in both whole-mount retinae and horizontal retinal cryosections. Antibodies against Calbindin, SMI32, and GABA ρ2 were chosen for assessing HC synapses. However, we expect that the protocol also works with other antibodies. In general, all tested antibody stainings functioned as expected, although problems with the GABA ρ2 antibody such as insufficient penetration of the tissue occurred from time to time. Possible explanations might be a lower affinity of the antibody, or more generally, in the antigen properties of GABAC receptors, whose epitopes may be hidden within the double lipid membrane or beneath other synaptic proteins. Additionally, GABA receptor clusters are smaller and sparser than SMI32 and Calbindin complexes, resulting in a lower overall number of target epitopes. As Calbindin is present throughout the HC cytosol, its staining often appears to be diffuse and HC structures appear blurry, especially with higher magnification. Alternative approaches to stain whole HCs, such as immunostaining against GFP in transgenic animals or direct injection of fluorophores into single HCs, may result in signals with a better SBR (50).




Retinal cryosectioning is compatible with standard immunocytochemistry and STED super-resolution microscopy

One major challenge of our approach was to show whether cryosectioning of the retina is still compatible with standard triple staining protocols using STED-compatible fluorophores. Here, we demonstrate the feasibility of performing complex super-resolution STED experiments in retinal cryosections. The newly developed protocol was applied to study HC dendritic bulbs, which likely represent a recently identified synapse for GABAergic feedforward signalling from HCs to BCs (33).

As STED microscopy is based on confocal microscopy technology, sharing the pinhole, it is intrinsically capable of optical sectioning, and thus, should be theoretically able to image in deeper planes of thick specimens. However, the spatial resolution of STED microscopy strongly depends on the exact alignment of the depletion laser donut around the excitation laser beam, which can be disturbed by scattering in biological samples. Multiple adaptive optics approaches, which measure and compensate for the distortions for each point, have been developed but involve multiple drawbacks, mainly high costs and increased imaging time and photobleaching. The method described here averts optical distortions by removing biological tissue above the plane of interest. Additionally, it enables the application of conventional STED microscopy without requiring special settings or computations and thus decreases costs, effort, and imaging time compared to adaptive optics. Cryosectioning is a well-established and widely used technique. Still, some problems, including freezing artefacts as well as wrinkled and displaced sections, are commonly reported and could influence tissue integrity and STED resolution (51). Even small artefacts, hardly visible under confocal microscopes, could influence images taken with STED. Thus, precise and meticulous work is important throughout the whole freezing and cryosectioning process.




Comparing neurofilament structures of retinal ganglion cells and horizontal cells

In this study, we used the FWHM in biological samples as an indicator for the effective resolution. We demonstrated that both the absolute FWHMs as well as the REF of HC structures were significantly enhanced in cryosections compared with the intact retinal whole-mount, and thus, similar to the resolution of superficial RGC axons and dendrites in the whole-mount retinae. It should be emphasised that in our experiments, the FWHM measured for individual RGC dendrites was lower than the FWHM in co-fasciculating HC neurites. Thus, the measured FWHM does not necessarily reflect the absolute theoretical resolution of the microscope but, for instance, depends on the width of the measured structure, on the thickness of the biological specimen, the size/type of the antibodies and the SBR. Still, the FWHM has been used as a reliable indicator for resolution in past studies (52, 53). Furthermore, the relative resolutions, which were subsequently calculated, partially correct for different-sized structures and confirm the effects observed with the absolute FWHMs. The robustness of curve fitting and thus FWHM calculation also strongly depended on the SBR of the structures selected. For example, in some STED images, the SBR was frequently inadequate, and the accuracy of the fitted curves had to be manually reviewed for each structure. Due to the low number of emitted and detected photons, a low SBR is a general issue with STED imaging. Thus, for each experiment appropriate settings must be determined and the right balance between signal and resolution has to be defined. Theoretically, STED microscopy can reach xy resolutions in the low nm range and, using fluorescent beads, PSFs with as little as 5.8 nm width have been recorded (54). However, these resolutions cannot be currently achieved in biological samples and, while proof-of-concept studies could produce resolutions of around 20 nm (55), the measured maximal resolution is in practice often limited by target size, optical distortions, photobleaching, and labelling strength. In this study, FWHMs of below 100 nm, and thus far beyond the diffraction limit of confocal microscopy, were observed. Still, even under best possible STED imaging conditions, the FWHMs of the HC structures were on average above 200 nm. One reason for this could simply be the relatively large size of the neurofilament structures stained in HCs. This possibility is supported by the fact that although STED resolutions in this experiment are beyond the diffraction limit, they still represent a significant improvement compared to the confocal FWHMs of the same structures. Another argument in favour of this view comes from imaging individual and sparse GABA receptor clusters at HC bulbs: here, the mean FWHM is around 140 nm, and therefore, is close to the mean FWHM of RGC neurofilaments.

Huygens deconvolution was applied to STED images to further increase the resolution and improve the SBR. Deconvolution algorithms are computational methods that try to recalculate the original optical scene in the sample by subtracting effects of known optical distortions and diffractions from the image (56) and that were used with STED microscopy before with excellent results (57, 58). In our case however, only minor improvements of FWHM could be observed after deconvolution, although SBR mostly appeared to be increased. A problem with the employed deconvolution algorithm might be that it is “blind”, meaning that it uses a theoretical PSF that was calculated for the microscope setup present. A better approach would include measuring real PSFs using the exact imaging conditions, which might enable the deconvolution to predict optical aberrations more accurately.




Horizontal cell bulbs likely represent GABAergic presynapses

Horizontal cells are essential for the generation of centre-surround receptive fields in BCs (59). While most studies focused on the complex HC feedback mechanisms to photoreceptors, evidence for direct HC-to-BC synaptic contacts has been found in both non-mammalian and mammalian retinae (31, 32, 60–62). HC feedforward signalling is likely GABAergic and dependent on vesicular release (63, 64). Recently, bulbs on HC dendrites have been observed in 3D electron microscopy reconstructions and identified as possible synaptic contacts, with most bulbs contacting either other HC bulbs or BC dendrites (33). Furthermore, Behrens and colleagues demonstrated the presence of mitochondria in dendritic bulbs and used immunolabeling to reveal that bulbs of individually stained horizontal cells co-localize GABA ρ2 receptors. In this study, bulb identification was performed by using Calbindin as a marker for the entire HC and additionally labelling SMI32 to counterstain HC axon terminals. This allowed the distinction between dendrites and axons and by calculating the intensity differences between Calbindin and SMI32 signals quantitative characteristics of bulbs could be defined. We originally expected to find half of the HC structures double-positive, representing axons, and the other half only positive for Calbindin, representing dendrites. However, very few Calbindin-only-positive structures could be observed. Space limitations in the outer plexiform layer and a high density of HC structures likely result in strong co-fasciculation of HC dendrites and axons and an overlay of single- and double-positive structures. Still, by imaging large z-stacks with low magnification in the confocal mode, single bulb structures were frequently identified. These structures typically emerged from double-positive filamentous structures and occasionally overlapped with additional SMI32 signals, which might be the result of HC axons stratifying along the bulbs. Nevertheless, these structures showed no correlation between Calbindin and SMI32 signals and were thus further considered dendritic bulbs.

By detecting the ρ2 subunit of GABAC receptors, which in the retina are exclusively expressed on BCs (65), at Calbindin-positive/SMI32-negative bulbs, we could specifically investigate the role of bulbs in HC to BC GABAergic signalling. Some GABA ρ2 signals were detected on or in direct proximity to bulbs, thus indicating co-localization of bulbs with BC postsynaptic sites, and supporting the notion that bulbs are HC-to-BC synapses. Still, the presence of additional synaptic markers (e.g. presynaptic proteins) would provide further evidence for the type and mechanism of bulb synapses. For instance, synaptic proteins of the release machinery in HC dendrites as well as GABA and GAD65 have been found in mammalian HCs (33, 64, 66). It might be compelling to monitor these targets with super-resolution microscopy and compare their localization within bulbs to the GABA receptors. Further intriguing imaging targets are voltage-gated calcium channels, although antibodies against them are either extremely subtype-specific and have a low efficiency or are very unspecific, resulting in cross-reactions with other targets (67). In general, staining as many targets simultaneously as possible would enable the extraction of much more information about the synapse ultrastructure, however, immunocytochemistry gets increasingly difficult the more simultaneous stainings are applied and chances for unspecific bindings or fluorescent crosstalk grow. Functional experiments unravelling the mechanisms and function of bulb synapses would be highly desirable, but selectively monitoring or manipulating HC-to-BC synapses is challenging due to the complexity of outer retinal circuits (e.g. simultaneous feedback and feedforward signalling within a single interneuron) and the presence of similarly complex synapses between photoreceptors, BCs and HCs in close proximity. Nonetheless, structural super-resolution studies such as the present work might provide novel access points for further experiments.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.




Ethics statement

The animal study was reviewed and approved by Tierschutzbeauftragte der Universität Tübingen.




Author contributions

LK, KS: Conceptualisation, investigation, methodology, data analysis, writing (original draft), visualisation. TS: Conceptualisation, investigation, writing (original draft), visualisation, supervision. IN-S: Conceptualisation, visualisation, supervision, writing (review and editing). FH: writing (review and editing), visualization. TE: writing (review and editing), visualisation, supervision. MU: writing (review and editing), visualisation, funding acquisition. ZZ: investigation, data analysis, visualisation, writing (review and editing). All authors contributed to the article and approved the submitted version. 





Funding

This work was funded by the Deutsche Forschungsgemeinschaft (DFG; INST 2388/62-1 to MU) and the Tistou and Charlotte Kerstan Foundation to MU.




Acknowledgments

We thank Merle Harrer and Gordon Eske for excellent technical support, and Sylvia Bolz and Christine Henes for assistance with the cryotome. We thank Karin Dedek, Christian Puller and Bettina Kewitz for helpful discussions. We thank Dominic Gonschorek and Jonathan Oesterle for critical reading of the manuscript and discussion. We acknowledge support by the Open Access Publishing Fund of the University of Tübingen.




Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References

1. Mishina, NM, Mishin, AS, Belyaev, Y, Bogdanova, EA, Lukyanov, S, Schultz, C, et al. Live-cell STED microscopy with genetically encoded biosensor. Nano Lett (2015) 15(5):2928–32. doi: 10.1021/nl504710z

2. Chojnacki, J, Staudt, T, Glass, B, Bingen, P, Engelhardt, J, Anders, M, et al. Maturation-dependent HIV-1 surface protein redistribution revealed by fluorescence nanoscopy. Science (2012) 338(6106):524–8. doi: 10.1126/science.1226359

3. Ratz, M, Testa, I, Hell, SW, and Jakobs, S. CRISPR/Cas9-mediated endogenous protein tagging for RESOLFT super-resolution microscopy of living human cells. Sci Rep (2015) 5:9592. doi: 10.1038/srep09592

4. Hell, SW, and Wichmann, J. Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-depletion fluorescence microscopy. Opt Lett (1994) 19(11):780–2. doi: 10.1364/OL.19.000780

5. Maglione, M, and Sigrist, SJ. Seeing the forest tree by tree: super-resolution light microscopy meets the neurosciences. Nat Neurosci (2013) 16(7):790–7. doi: 10.1038/nn.3403

6. D’Este, E, Kamin, D, Balzarotti, F, and Hell, SW. Ultrastructural anatomy of nodes of ranvier in the peripheral nervous system as revealed by STED microscopy. Proc Natl Acad Sci U S A (2017) 114(2):E191–9. doi: 10.1073/pnas.1619553114

7. Kellner, RR, Baier, CJ, Willig, KI, Hell, SW, and Barrantes, FJ. Nanoscale organization of nicotinic acetylcholine receptors revealed by stimulated emission depletion microscopy. Neuroscience (2007) 144(1):135–43. doi: 10.1016/j.neuroscience.2006.08.071

8. Tang, AH, Chen, H, Li, TP, Metzbower, SR, MacGillavry, HD, and Blanpied, TA. A trans-synaptic nanocolumn aligns neurotransmitter release to receptors. Nature (2016) 536(7615):210–4. doi: 10.1038/nature19058

9. Kempf, C, Staudt, T, Bingen, P, Horstmann, H, Engelhardt, J, Hell, SW, et al. Tissue multicolor STED nanoscopy of presynaptic proteins in the calyx of held. PloS One (2013) 8(4):e62893. doi: 10.1371/journal.pone.0062893

10. Nishimune, H, Badawi, Y, Mori, S, and Shigemoto, K. Dual-color STED microscopy reveals a sandwich structure of bassoon and piccolo in active zones of adult and aged mice. Sci Rep (2016) 6:27935. doi: 10.1038/srep27935

11. Urban, NT, Willig, KI, Hell, SW, and Nägerl, UV. STED nanoscopy of actin dynamics in synapses deep inside living brain slices. Biophys J (2011) 101(5):1277–84. doi: 10.1016/j.bpj.2011.07.027

12. Willig, KI, Steffens, H, Gregor, C, Herholt, A, Rossner, MJ, and Hell, SW. Nanoscopy of filamentous actin in cortical dendrites of a living mouse. Biophys J (2014) 106(1):L01–3. doi: 10.1016/j.bpj.2013.11.1119

13. Fuhrmann, M, Gockel, N, Arizono, M, Dembitskaya, Y, Nägerl, UV, Pennacchietti, F, et al. Super-resolution microscopy opens new doors to life at the nanoscale. J Neurosci (2022) 42(45):8488–97. doi: 10.1523/JNEUROSCI.1125-22.2022

14. Rust, MJ, Bates, M, and Zhuang, X. Sub-Diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM). Nat Methods (2006) 3(10):793–5. doi: 10.1038/nmeth929

15. Betzig, E, Patterson, GH, Sougrat, R, Lindwasser, OW, Olenych, S, Bonifacino, JS, et al. Imaging intracellular fluorescent proteins at nanometer resolution. Science (2006) 313(5793):1642–5. doi: 10.1126/science.1127344

16. Hess, ST, Girirajan, TPK, and Mason, MD. Ultra-high resolution imaging by fluorescence photoactivation localization microscopy. Biophys J (2006) 91(11):4258–72. doi: 10.1529/biophysj.106.091116

17. Heilemann, M, van de Linde, S, Schüttpelz, M, Kasper, R, Seefeldt, B, Mukherjee, A, et al. Subdiffraction-resolution fluorescence imaging with conventional fluorescent probes. Angewandte Chemie Int Edition (2008) 47(33):6172–6. doi: 10.1002/anie.200802376

18. Tam, J, and Merino, D. Stochastic optical reconstruction microscopy (STORM) in comparison with stimulated emission depletion (STED) and other imaging methods. J Neurochem (2015) 135(4):643–58. doi: 10.1111/jnc.13257

19. Lambert, TJ, and Waters, JC. Navigating challenges in the application of superresolution microscopy. J Cell Biol (2017) 216(1):53–63. doi: 10.1083/jcb.201610011

20. Vicidomini, G, Bianchini, P, and Diaspro, A. STED super-resolved microscopy. Nat Methods (2018) 15(3):173–82. doi: 10.1038/nmeth.4593

21. Baier, H. Synaptic laminae in the visual system: molecular mechanisms forming layers of perception. Annu Rev Cell Dev Biol (2013) 29:385–416. doi: 10.1146/annurev-cellbio-101011-155748

22. Chávez, AE, Singer, JH, and Diamond, JS. Fast neurotransmitter release triggered by Ca influx through AMPA-type glutamate receptors. Nature (2006) 443(7112):705–8. doi: 10.1038/nature05123

23. Baden, T, Euler, T, Weckström, M, and Lagnado, L. Spikes and ribbon synapses in early vision. Trends Neurosci (2013) 36(8):480–8. doi: 10.1016/j.tins.2013.04.006

24. Nath, A, and Schwartz, GW. Electrical synapses convey orientation selectivity in the mouse retina. Nat Commun (2017) 8(1):2025. doi: 10.1038/s41467-017-01980-9

25. Lv, C, Gould, TJ, Bewersdorf, J, and Zenisek, D. High-resolution optical imaging of zebrafish larval ribbon synapse protein RIBEYE, RIM2, and CaV 1.4 by stimulation emission depletion microscopy. Microsc Microanal (2012) 18(4):745–52. doi: 10.1017/S1431927612000268

26. Schlüter, A, Rossberger, S, Dannehl, D, Janssen, JM, Vorwald, S, Hanne, J, et al. Dynamic regulation of synaptopodin and the axon initial segment in retinal ganglion cells during postnatal development. Front Cell Neurosci (2019) 13:318. doi: 10.3389/fncel.2019.00318

27. Kerschensteiner, D. Feature detection by retinal ganglion cells. Annu Rev Vis Sci (2022) 8:135–69. doi: 10.1146/annurev-vision-100419-112009

28. Kemmler, R, Schultz, K, Dedek, K, Euler, T, and Schubert, T. Differential regulation of cone calcium signals by different horizontal cell feedback mechanisms in the mouse retina. J Neurosci (2014) 34(35):11826–43. doi: 10.1523/JNEUROSCI.0272-14.2014

29. Dowling, JE, Brown, JE, and Major, D. Synapses of horizontal cells in rabbit and cat retinas. Science (1966) 153(3744):1639–41. doi: 10.1126/science.153.3744.1639

30. Dowling, JE. Synaptic organization of the frog retina: an electron microscopic analysis comparing the retinas of frogs and primates. Proc R Soc Lond B Biol Sci (1968) 170(1019):205–28. doi: 10.1098/rspb.1968.0034

31. Kolb, H, and Jones, J. Synaptic organization of the outer plexiform layer of the turtle retina: an electron microscope study of serial sections. J Neurocytol (1984) 13(4):567–91. doi: 10.1007/BF01148080

32. Linberg, KA, and Fisher, SK. Ultrastructural evidence that horizontal cell axon terminals are presynaptic in the human retina. J Comp Neurol (1988) 268(2):281–97. doi: 10.1002/cne.902680211

33. Behrens, C, Yadav, SC, Korympidou, MM, Zhang, Y, Haverkamp, S, Irsen, S, et al. Retinal horizontal cells use different synaptic sites for global feedforward and local feedback signaling. Curr Biol (2022) 32(3):545–58.e5. doi: 10.1016/j.cub.2021.11.055

34. Chapot, CA, Euler, T, and Schubert, T. How do horizontal cells “talk” to cone photoreceptors? different levels of complexity at the cone-horizontal cell synapse. J Physiol (2017) 595(16):5495–506. doi: 10.1113/JP274177

35. Harke, B, Keller, J, Ullal, CK, Westphal, V, Schönle, A, and Hell, SW. Resolution scaling in STED microscopy. Opt Express (2008) 16(6):4154–62. doi: 10.1364/OE.16.004154

36. Hao, X, Allgeyer, ES, Lee, DR, Antonello, J, Watters, K, Gerdes, JA, et al. Three-dimensional adaptive optical nanoscopy for thick specimen imaging at sub-50-nm resolution. Nat Methods (2021) 18(6):688–93. doi: 10.1038/s41592-021-01149-9

37. Gould, TJ, Burke, D, Bewersdorf, J, and Booth, MJ. Adaptive optics enables 3D STED microscopy in aberrating specimens. Opt Express (2012) 20(19):20998–1009. doi: 10.1364/OE.20.020998

38. Peichl, L, and González-Soriano, J. Unexpected presence of neurofilaments in axon-bearing horizontal cells of the mammalian retina. J Neurosci (1993) 13(9):4091–100. doi: 10.1523/JNEUROSCI.13-09-04091.1993

39. Nägerl, UV, Willig, KI, Hein, B, Hell, SW, and Bonhoeffer, T. Live-cell imaging of dendritic spines by STED microscopy. Proc Natl Acad Sci U S A (2008) 105(48):18982–7. doi: 10.1073/pnas.0810028105

40. Fernández-Suárez, M, and Ting, AY. Fluorescent probes for super-resolution imaging in living cells. Nat Rev Mol Cell Biol (2008) 9(12):929–43. doi: 10.1038/nrm2531

41. Lukinavičius, G, Mitronova, GY, Schnorrenberg, S, Butkevich, AN, Barthel, H, Belov, VN, et al. Fluorescent dyes and probes for super-resolution microscopy of microtubules and tracheoles in living cells and tissues. Chem Sci (2018) 9(13):3324–34. doi: 10.1039/C7SC05334G

42. Schnorrenberg, S, Grotjohann, T, Vorbrüggen, G, Herzig, A, Hell, SW, and Jakobs, S. In vivo super-resolution RESOLFT microscopy of drosophila melanogaster. eLife (2016) 5:e15567. doi: 10.7554/eLife.15567

43. Pellett, PA, Sun, X, Gould, TJ, Rothman, JE, Xu, MQ, Corrêa, IR Jr, et al. Two-color STED microscopy in living cells. BioMed Opt Express (2011) 2(8):2364–71. doi: 10.1364/BOE.2.002364

44. Tortarolo, G, Castello, M, Diaspro, A, and Koho, S. Evaluating image resolution in stimulated emission depletion microscopy. Optica (2018) 5:32–5. doi: 10.1364/OPTICA.5.000032

45. Görlitz, F, Hoyer, P, Falk, H, Kastrup, L, Engelhardt, J, and Hell, SW. A STED microscope designed for routine biomedical applications. Prog Electromagn Res B Pier B (2014) 147:57–68. doi: 10.2528/PIER14042708

46. Hein, B, Willig, KI, Wurm, CA, Westphal, V, Jakobs, S, and Hell, SW. Stimulated emission depletion nanoscopy of living cells using SNAP-tag fusion proteins. Biophys J (2010) 98(1):158–63. doi: 10.1016/j.bpj.2009.09.053

47. Arsić, A, Hagemann, C, Stajković, N, Schubert, T, and Nikić-Spiegel, I. Minimal genetically encoded tags for fluorescent protein labeling in living neurons. Nat Commun (2022) 13(1):314. doi: 10.1038/s41467-022-27956-y

48. Reshetniak, S, and Rizzoli, SO. Interrogating synaptic architecture: Approaches for labeling organelles and cytoskeleton components. Front Synaptic Neurosci (2019) 11:23. doi: 10.3389/fnsyn.2019.00023

49. Opazo, F, Levy, M, Byrom, M, Schäfer, C, Geisler, C, Groemer, TW, et al. Aptamers as potential tools for super-resolution microscopy. Nat Methods (2012) 9(10):938–9. doi: 10.1038/nmeth.2179

50. Schubert, T, Huckfeldt, RM, Parker, E, Campbell, JE, and Wong, ROL. Assembly of the outer retina in the absence of GABA synthesis in horizontal cells. Neural Dev (2010) 5:15. doi: 10.1186/1749-8104-5-15

51. Watkins, S. Cryosectioning. Curr Protoc Mol Biol (2001), 1–8. doi: 10.1002/0471142727.mb1402s07

52. Klar, TA, Jakobs, S, Dyba, M, Egner, A, and Hell, SW. Fluorescence microscopy with diffraction resolution barrier broken by stimulated emission. Proc Natl Acad Sci U S A (2000) 97(15):8206–10. doi: 10.1073/pnas.97.15.8206

53. Dzyubenko, E, Rozenberg, A, Hermann, DM, and Faissner, A. Colocalization of synapse marker proteins evaluated by STED-microscopy reveals patterns of neuronal synapse distribution in vitro. J Neurosci Methods (2016) 273:149–59. doi: 10.1016/j.jneumeth.2016.09.001

54. Rittweger, E, Han, KY, Irvine, SE, Eggeling, C, and Hell, SW. STED microscopy reveals crystal colour centres with nanometric resolution. Nat Photonics (2009) 3(3):144–7. doi: 10.1038/nphoton.2009.2

55. Wildanger, D, Medda, R, Kastrup, L, and Hell, SW. A compact STED microscope providing 3D nanoscale resolution. J Microsc (2009) 236(1):35–43. doi: 10.1111/j.1365-2818.2009.03188.x

56. Sibarita, JB. Deconvolution microscopy. Adv Biochem Eng Biotechnol (2005) 95:201–43. doi: 10.1007/b102215

57. Willig, KI, Keller, J, Bossi, M, and Hell, SW. STED microscopy resolves nanoparticle assemblies. New J Physics (2006) 8(6):106–6. doi: 10.1088/1367-2630/8/6/106

58. Zanella, R, Zanghirati, G, Cavicchioli, R, Zanni, L, Boccacci, P, Bertero, M, et al. Towards real-time image deconvolution: application to confocal and STED microscopy. Sci Rep (2013) 3:2523. doi: 10.1038/srep02523

59. Diamond, JS. Inhibitory interneurons in the retina: Types, circuitry, and function. Annu Rev Vis Sci (2017) 3:1–24. doi: 10.1146/annurev-vision-102016-061345

60. Dowling, JE, and Boycott, BB. Organization of the primate retina: electron microscopy. Proc R Soc Lond B Biol Sci (1966) 166(1002):80–111. doi: 10.1098/rspb.1966.0086

61. Fisher, SK, and Boycott, BB. Synaptic connections made by horizontal cells within the outer plexiform layer of the retina of the cat and the rabbit. Proc R Soc Lond B Biol Sci (1974) 186(1085):317–31. doi: 10.1098/rspb.1974.0052

62. Sakai, HM, and Naka, K. Synaptic organization of the cone horizontal cells in the catfish retina. J Comp Neurol (1986) 245(1):107–15. doi: 10.1002/cne.902450108

63. Thoreson, WB, and Mangel, SC. Lateral interactions in the outer retina. Prog Retin Eye Res (2012) 31(5):407–41. doi: 10.1016/j.preteyeres.2012.04.003

64. Puller, C, Haverkamp, S, Neitz, M, and Neitz, J. Synaptic elements for GABAergic feed-forward signaling between HII horizontal cells and blue cone bipolar cells are enriched beneath primate s-cones. PloS One (2014) 9(2):e88963. doi: 10.1371/journal.pone.0088963

65. Enz, R, Brandstätter, JH, Hartveit, E, Wässle, H, and Bormann, J. Expression of GABA receptor rho 1 and rho 2 subunits in the retina and brain of the rat. Eur J Neurosci (1995) 7(7):1495–501. doi: 10.1111/j.1460-9568.1995.tb01144.x

66. Hirano, AA, Vuong, HE, Kornmann, HL, Schietroma, C, Stella, SL Jr, Barnes, S, et al. Vesicular release of GABA by mammalian horizontal cells mediates inhibitory output to photoreceptors. Front Cell Neurosci (2020) 14:600777. doi: 10.3389/fncel.2020.600777

67. Trimmer, JS, and Rhodes, KJ. Localization of voltage-gated ion channels in mammalian brain. Annu Rev Physiol (2004) 66:477–519. doi: 10.1146/annurev.physiol.66.032102.113328



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Kremers, Sarieva, Hoffmann, Zhao, Ueffing, Euler, Nikić-Spiegel and Schubert. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




MINI REVIEW

published: 26 April 2023

doi: 10.3389/fopht.2023.1174255

[image: image2]


The multistable melanopsins of mammals


Alan J. Emanuel † and Michael Tri H. Do *


F.M. Kirby Neurobiology Center and Department of Neurology, Boston Children’s Hospital and Harvard Medical School, Boston, MA, United States




Edited by: 

David W. Marshak, University of Texas Health Science Center, United States

Reviewed by: 

Robert James Lucas, The University of Manchester, United Kingdom

*Correspondence: 

Michael Tri H. Do
 michael.do@childrens.harvard.edu

†Present address: 

Alan J. Emanuel, Department of Cell Biology, Emory University School of Medicine, Atlanta, GA, United States

Specialty section: 
 This article was submitted to Retina, a section of the journal Frontiers in Ophthalmology


Received: 26 February 2023

Accepted: 10 April 2023

Published: 26 April 2023

Citation:
Emanuel AJ and Do MTH (2023) The multistable melanopsins of mammals. Front. Ophthalmol. 3:1174255. doi: 10.3389/fopht.2023.1174255



Melanopsin is a light-activated G protein coupled receptor that is expressed widely across phylogeny. In mammals, melanopsin is found in intrinsically photosensitive retinal ganglion cells (ipRGCs), which are especially important for “non-image” visual functions that include the regulation of circadian rhythms, sleep, and mood. Photochemical and electrophysiological experiments have provided evidence that melanopsin has at least two stable conformations and is thus multistable, unlike the monostable photopigments of the classic rod and cone photoreceptors. Estimates of melanopsin’s properties vary, challenging efforts to understand how the molecule influences vision. This article seeks to reconcile disparate views of melanopsin and offer a practical guide to melanopsin’s complexities.
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Introduction

Organisms produce electrical responses to light in part by expressing photopigments, molecules that absorb photons, change conformation, and signal downstream. Over a thousand photopigments are known (1). Among them is melanopsin (2, 3). This molecule has features that are, presently, both unique and controversial. A unified understanding of these features is desirable because melanopsin exerts vital influences (4–7). For example, melanopsin helps synchronize the circadian clock to the solar day, thereby setting normal patterns of physiology and gene expression in practically all tissues of the body (8). Circadian dysregulation is implicated in disorders that range from mental illness to cancer (9–11). Melanopsin also plays roles in other species, such as fishes, frogs, lancelets, and reef corals (12). This review provides a practical synthesis of knowledge concerning the melanopsin molecules of mammals.





The spectral sensitivity of melanopsin

A cardinal feature of a photopigment is its spectral sensitivity. Examining the literature, one has difficulty settling on the spectral sensitivity of mammalian melanopsin. Most estimates indicate that melanopsin is most sensitive to a wavelength near 480 nm (13–19). This wavelength of maximum sensitivity is referred to as the λmax. A single λmax suggests that the molecule activates from a single state (or from multiple states that have the same spectral sensitivity). However, photochemical and electrophysiological measurements indicate that mouse melanopsin activates from two spectrally distinct states (Figures 1A, B) (20, 21). The ground state, melanopsin, abbreviated “R” for historical reasons, has a λmax of ~470 nm. The second state, extramelanopsin (E), has a λmax of ~450 nm. These values also apply to the melanopsin of macaque monkeys (22) (Figure 1B). Puzzlingly, none of these λmax values are near 480 nm. Consideration of two factors offers a potential reconciliation.




Figure 1 | Melanopsin multistability in mice and macaques. (A) Top, Melanopsin states in the mouse. Melanopsin (R, the ground state, electrically silent) photoconverts with metamelanopsin (M, the signaling state), which photoconverts with extramelanopsin (E, electrically silent). Bottom, Photosensitivities of the three mouse melanopsin states (product of the extinction coefficient and quantum efficiency of isomerization) as a function of wavelength (20), normalized to that of the R state. (B) Wavelengths of peak sensitivity (λmax) for mouse melanopsin estimated by biochemistry and electrophysiology, and for macaque melanopsin estimated by electrophysiology (20–22). λmax values were obtained by fitting nomograms on linear ordinates. (C) Left, Average of action spectra measured from mouse ipRGCs in darkness (markers) Data were previously published (21). The line is a single-state nomogram fit using a least-squares algorithm on a linear scale. Fit λmax = 471 nm. Right, As on the left but the fit was made on a semi-log scale. Fit λmax = 493 nm. (D) Left, Average of action spectra measured from ipRGCs during background illumination with 600-nm light to enrich for the E state (markers). The line is a single-state nomogram fit using a least-squares algorithm on a linear scale. Fit λmax = 453 nm. Right, As on the left, but the fit was made on a semi-log scale. Fit λmax = 471 nm.



First, the λmax of a photopigment is often determined by fitting a discrete data set with a continuous function and taking the peak of that fit (23–25). These functions, often referred to as nomograms, are empirical and remarkably accurate (25). Given the λmax of a pigment as the only free parameter, a nomogram describes the spectral sensitivity well. However, ambiguity arises in how the fit is performed. If sensitivity is plotted on a linear scale, the fit tends to weigh the peak sensitivity more heavily. If the response is plotted on a log scale, the fit tends to weigh the long-wavelength decline of sensitivity more heavily. The aforementioned photochemical and electrophysiological estimates of melanopsin’s spectral sensitivity (λmax values of ~470 and ~450 nm) were made with fits on a linear scale. If one fits the electrophysiological data on a log scale, the λmax values are red-shifted to ~490 nm for the R state and ~470 nm for the E state (Figures 1C, D). This ~20-nm disparity between linear and log fits is substantial. Which λmax values to choose?

One might select according to context. A log fit might be undesirable because the long-wavelength decline of spectral sensitivity is labile. When wavelengths are longer than a certain value (λcritical, where λmax = 0.84 λcritical), sensitivity has a more positive slope at higher temperature (26). On a log scale, fitting the R state’s action spectrum (21) using all data points or only those below λcritical yields λmax values of 493 and 476 nm, respectively. For the E state, these values are 471 and 463 nm. Repeating the exercise on a linear scale yields no difference for either state. On the other hand, a log fit might be desirable because the long-wavelength decline encompasses a broad range of tested sensitivities, unlike the peak. This trade-off likely explains why measurements vary across studies that have different emphases. Practical advice is to use the λmax of the linear fit when short wavelengths are more relevant, and that of the log fit when long wavelengths are. Fits may also be made to portions of the data according to need (25).

The second consideration is that melanopsin equilibrates among its three known states during illumination (20, 21). Under common lighting conditions, the population of melanopsin molecules activates about equally from the R and E states (21). Taking the λmax values of these states as 450 and 470 nm (from fits on a linear ordinate), one obtains an effective λmax of ~460 nm (Figure 2A). Using log ordinate fits instead, where λmax values are 470 and 490 nm, the effective λmax is ~480 nm. Most studies of melanopsin’s spectral sensitivity use stimuli that are sufficiently long and intense that they are likely to produce an equilibrium of states. Thus, the commonly observed λmax of 480 nm can be explained by melanopsin’s multistable nature and the popularity of fitting on a log ordinate.




Figure 2 | Melanopsin states under broadband and narrowband illumination. (A) Fits made to the action spectrum measured from ipRGCs on a background of broadband white light (21) using either a single-state nomogram (blue; λmax = 463 nm when fit on linear scale) or the combination of the R and E spectra (gray; λmax = 463 nm). Black and red dotted lines represent the R and E state nomograms, respectively, scaled to their contributions to the combined fit and using λmax values measured electrophysiologically (471 and 453 nm, respectively). The λmax of the combined nomogram, when fit on a log scale, is 480 nm. (B) Melanopsin states at photoequilibrium for monochromatic illumination with wavelengths spanning the visible range, predicted by a model based on biochemical parameters of mouse melanopsin (21).



Melanopsin’s activation from two spectrally distinct states causes the population of molecules to have a broader spectral sensitivity than a single state (21). This broadening may be considered ample, as the difference in λmax values between the R and E states is roughly comparable to that between the long- and medium-wavelength sensitive cone pigments that give rise to the red-green color axis in humans (27). Indeed, a broadened spectral sensitivity is consistent with the role of melanopsin in sensing the overall light intensity and not necessarily specific wavelengths (but see 28). On the other hand, this broadening may be considered slight. Consider the predicted activation of melanopsin in sunlight (CIE spectrum G174), comparing the realistic case of a combined-state spectral sensitivity and the hypothetical case of a single-state spectral sensitivity, each having a λmax value of 480 nm. The combined-state, broader spectrum absorbs ~3% more than the single-state, narrower spectrum. It would appear that, at least under sunlight, the spectral broadening caused by melanopsin multistability is subtle. Nevertheless, in cases that require precision, it is not much trouble to use the combined-state spectrum rather than its single-state approximation.

To conclude this section, it may be sufficient in most contexts to approximate melanopsin’s spectral sensitivity with a standard Govardovskii nomogram that has a λmax of 480 nm (on a log scale) or 460 nm (on a linear scale). Accommodating additional complexity increases accuracy.





Specific features of melanopsin multistability

At this point, it appears that melanopsin can be considered in relatively simple terms. However, there are cases where specific features of melanopsin multistability are especially salient. This section will highlight five.




Persistent activity

Melanopsin’s signaling state, metamelanopsin (M), is subject to termination mechanisms that include phosphorylation, arrestin binding, bleaching, and internalization (29–39). Nevertheless, some melanopsin signaling endures and drives persistent cellular activation (21, 22, 40, 41). This activity is consistent with the melanopsin system’s encoding of environmental irradiance. Prolonged activation tends to blur spatial and temporal details in the scene, emphasizing the overall light intensity (21, 22). The overall light intensity is information that is used, for instance, by the circadian clock for synchronization to the day/night cycle (42). Persistent melanopsin activity is also thought to drive the post-illumination pupil response (PIPR), which has been used to diagnose the melanopsin system in contexts ranging from seasonal affective disorder to Alzheimer’s disease (41).





Photoswitching

As mentioned above, photon absorptions interconvert melanopsin among its states. Sunlight and most common sources of artificial white light produce a photoequilibrium in which roughly half the melanopsin molecules are in M state and a quarter each are in the R and E states. Photoswitching maintains a pool of melanopsin molecules for activation, as those that are driven from the M state are available for reactivation (21, 22, 43).

The photoequilibrium fractions of melanopsin can be manipulated using narrow-band light (Figure 2B) (20, 21). The M state, having the longest λmax, dominates under short wavelengths and is minimal under long wavelengths. The E state, having the shortest λmax, follows the opposite pattern (while the R state has an intermediate λmax and only a small fraction is present after exposure to any wavelength). This trade between M and E states is reflected in the magnitude of persistent activity in ipRGCs. Short wavelengths produce the largest persistent activity and long wavelengths the smallest (21, 22). Thus, ipRGC activation can be switched high and low with acute illumination with short and long wavelengths. Photoswitching of persistent activity has been demonstrated for mouse and macaque ipRGCs (21, 22), as well as for cell lines expressing human melanopsin (40).

Practically speaking, deactivation of ipRGCs requires intense and prolonged illumination because all melanopsin states absorb long wavelengths poorly. The optimal wavelength for deactivation is near 560 nm and reflects a balance between being long enough for preferential absorption by the M state but not so long that it is scarcely absorbed at all (21). At 560 nm, deactivation can be produced by delivering ~109 photons µm-2 sec-1 for 30 s or more (21, 22). This kind of light is probably not found in nature, though artificial sources are available.





Bleaching and regeneration

Bleaching is the process by which an activated photopigment dissociates into opsin and chromophore (44). Neither opsin nor chromophore absorb well in the visible spectrum so this process causes the appearance of an actual bleach to the human eye. For example, a solution of rhodopsin—a molecule once called visual purple—loses its color in light. Bleaching and multistability are not mutually exclusive. Thus, though active melanopsin is stable and can be photoconverted to a silent state, it can also release its chromophore (36, 37, 39, 45). Indeed, applying exogenous chromophore to ipRGCs increases their sensitivity, though it is unclear if this effect is due to natural levels of bare opsin or bleaching during the course of the experiment (36, 45, 46).

The only chromophore found in dark-adapted ipRGCs is 11-cis retinal (47), which defines melanopsin’s R state (20). Curiously, there appears to be no kind of illumination that produces only the R state in ipRGCs. As mentioned above, this state seems sparse during illumination with any spectrum (21). Therefore, a light-independent pathway should recover melanopsin to the R state. Evidence exists for chromophore supply from the retinal pigment epithelium to ipRGCs via Müller glia cells (48) even though questions remain (49). Perhaps the process of dark regeneration involves melanopsin bleaching and 11-cis retinal resupply.





Adaptation

Melanopsin activity drives adaptive processes that tamp down on melanopsin activity (29–39, 50–52). Consequently, melanopsin deactivation may reverse adaptation to produce sensitization. Sensitization of this kind has been suggested by in vivo experiments (53). Anecdotal evidence can be found in ex vivo experiments as well (21). Melanopsin phototransduction also drives light adaptation at the level of the ipRGC population (54). The interplay of activation and adaptation in the melanopsin system merits further study.





Species variation

At least two stable, silent states of melanopsin have been observed in mice and macaques (21, 22). In humans and the lancelet, amphioxus, only one silent state has been reported (55, 56). Thus, the evolutionary conservation of melanopsin multistability may be incomplete. Also, across species, melanopsins vary in their bleaching rates (37). This variation may influence the lifetimes of persistent responses across species. Indeed, mouse melanopsin (reluctant to bleach) and human melanopsin (willing to bleach) have relatively long and brief persistent responses, respectively (37, 40). Another layer of intricacy is that persistent response lifetime may be modulated, melanopsin can be alternatively spliced, melanopsins are functionally diverse, and melanopsins show sufficient molecular distinctions to be grouped into two gene families (Opn4m and Opn4x) (57–63). Further study may reveal additional diversity in melanopsins across species.






Closing remarks

Melanopsin’s discovery indicated that the mammalian retina is not duplex—relying on rods and cones to sense light—but multiplex. The multiplicity of melanopsin states adds richness to this picture. This review intends to provide a concise summary of melanopsin’s complexities and a practical guide on how to navigate them.
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The neuromodulator dopamine plays a significant role in light adaptation, eye growth, and modulation of neuronal circuitry in the retina. Dopaminergic amacrine cells in the adult retina release dopamine in response to light stimulation, however, the light-induced activity of these cells in during postnatal development is not known. We assessed the activity of dopaminergic amacrine cells in the retina response to a light pulse in C57BL/6 wild-type animals across various postnatal ages. Expression of tyrosine hydroxylase (TH) in dopaminergic amacrine cells was apparent from postnatal day 3 (P3) and restricted to the dorso-temporal region; by P8 TH+ cells were uniformly distributed across the retina. TH cell density increased until P8 and then markedly decreased by P10 to then remain at this density into adulthood. Light-induced c-fos expression was observed in all light-pulsed retinae, however, no c-fos was ever found to be co-localised with TH prior to P12. At P14, one day after eye opening, 100% of TH cells co-localised with c-fos and this was maintained for all older ages analysed. Dopamine and its primary metabolite DOPAC were measured in the vitreous of animals P8-P30. Both analytes were found in the vitreous at all ages, however, a significant difference in dopamine concentration between dark and light-pulsed animals was only observed at P30. DOPAC concentration was found to be significantly light-induced from P16, and the amplitude of this difference increased over time. Our data suggests that dopaminergic cell activation and light-induced dopamine release in the retina is primarily driven by classical photoreceptors after eye-opening.
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Introduction

The neuromodulator dopamine plays a significant role in the mammalian retina driving light adaptation by modulating retinal circuitry (1–3). Dopamine has also been shown to be important during retinal development and eye growth (4) and is released in response to retinal waves (5). Released by a subset of dopaminergic amacrine cells (A18) that reside in the inner nuclear layer, dopamine diffuses throughout the layers of the retina and acts on both D1- and D2- type dopamine receptors that are expressed on every class of retinal cell (reviewed in (6)).

We have recently shown that light-induced dopamine release in the adult mouse retina relies primarily on rod phototransduction (7). However, dopaminergic cells are present in the retina in early development (5, 8) before the maturation of rod photoreceptors or the synaptic circuitry that might convey light signals to these cells (9, 10). In contrast, intrinsically photoresponsive retinal ganglion cell (ipRGC) photoreceptors have been shown to influence retinal development before eye-opening and are functional even before birth (5, 11, 12). Intriguingly, Munteanu et al, showed that dark rearing reduced the overall number of dopaminergic cells and dopamine content of the retina at postnatal day 14 (P14) and into adulthood in mice. Furthermore, they show that it is rod phototransduction specifically that is required to produce normal development in response to standard cyclical lighting conditions of the animals (12). Together, these data suggest that light inputs to dopaminergic cells are predominately rod-driven, both in development and adulthood. However, the influence of ipRGCs on dopaminergic cell activation prior to the maturation of other photoreceptor circuitry, remains to seen.

Here we assess the normal development of dopaminergic amacrine cells, both pre- and post-eye-opening, and their activation and release of dopamine in response to light. We show that while dopaminergic cells begin to express tyrosine hydroxylase (TH; rate-limiting enzyme in dopamine production) by P3, activation of these cells (assessed by c-fos expression) or dopamine release in response to light does not occur until after eye-opening. However, c-fos expression in non-TH expressing cells in response to light is widespread in the retina and is driven exclusively by melanopsin phototransduction before P12.





Methods




Animals

Animal care was in accordance with the Australian Code for the Care and Use of Animals for Scientific Purposes. Protocols were approved and monitored by the Western Sydney University Animal Care and Ethics Committee, project numbers: A12402 and A14720. Wild-type C57BL/6J (ARC, Canning Vale, Australia) and Opn4cre/cre (mixed C57BL/6 and 129sv; (13)) mice were bred on site. In Opn4cre/cre animals, the cre locus replaces that of melanopsin making these melanopsin-deficient animals which will hereafter be referred to as Opn4-/-. Offspring (both male and female) P3 - P30 days were used. Unless otherwise stated, animals were maintained under a 12hr light:12hr dark cycle at 300 lux illumination during the light phase. Animals were checked once per day and birthday was recorded; however, exact birth time was not recorded and so may have varied between litters. We endeavoured to include animals of the same litter in each experimental time-point, but this was not always possible. In our hands, animals up to, and including, P12 still had closed eyes; all animals > P14 had open eyes.





Light-pulsing and tissue removal

To assess light-activation and dopamine release from TH cells, prior to tissue removal, all animals were dark-adapted from dusk the preceding day until subjective midday (CT6 ± 1.5 hrs). Following dark-adaptation free-moving mice at various postnatal ages (P3, P8, P10, P12, P14, P16, P19, P30) were light pulsed with broadband white light (16.4 log photons cm-2 s-1; ~26,000 lux at cage floor; see spectrum in Supp Data 1) for either 90 minutes (c-fos experiments) or 1 hr (LC-MS) in their home cages with their parents. Tissue was removed immediately after this light pulse under the same lighting conditions. Littermate dark control animals were sacrificed at the same circadian time (CT6 ± 1.5 hrs) and tissue removed under infrared conditions (> 900 nm; -11.9 log scot cd-1 m-2 at animal).

Eyes for immunohistochemistry were enucleated with curved scissors, the cornea and lens were removed, placed in 1.5mL tubes of 4% paraformaldehyde for 1 hour, and then transferred into 0.01M PBS. The orientation of each retina was marked prior to staining using the choroidal fissure as a guide (14). For dopamine and DOPAC quantification, vitreous was removed by piercing eyes through the ora serrata into the vitreal chamber with a 27G needle and squeezing the resulting fluid onto a plastic petri dish. 2 μl was then pipetted into 48μL of 0.5 mM ascorbic acid (Sigma) containing internal standards 2-(3,4-dihydroxyphenyl)ethyl-1,1,2,2- d4-amine hydrochloride 98% (dopamine-d4; CDN isotopes; D-1540) and 3,4-didroxyphenylacetic acid ring-d3, 2,2-d2, 98% (DOPAC-d5; Cambridge Isotope Laboratories; DLM-2499) at 10 ng/ml for each.





Immunohistochemistry

Both retinal wholemounts and slices were prepared. Wholemounts were dissected from the eyecup and stained free-floating in 0.01M PBS. Eyes used for slices were placed in 30% sucrose 0.01M PBS solution overnight for cryoprotection and then submerged in OCT medium and frozen with liquid nitrogen. The frozen eyes were then brought to -20°C and 30 μm sections cut and adhered to gelatine coated slides. The slides were then incubated at 37°C for 2 hours before being stored at 4°C for immunohistochemistry.

All incubation steps took place at 4°C and were performed in 0.3% Triton-X-100 in 0.01M PBS. Samples were blocked with 5% donkey serum for 2 hours, then incubated with primary antibodies: sheep anti-TH (1:500; Merck Millipore; AB1542), rabbit anti-c-fos (1:500; Cell Signaling; 9F6), and chicken anti-Opn4 (1:5000; a kind gift from Dr. MTH Do, Harvard Medical School (15)), in 1% donkey serum for 3 days. Samples were then washed with 0.01M PBS (1 initial followed by 2 x 5-minute washes, and 1 final 1-hour wash), and then incubated with secondary antibodies all raised in donkey: anti-sheep Alexa 488 (713-545-003), anti-rabbit Cy3 (711-165-152) and anti-chicken Alexa 647 (703-605-155; Jackson ImmunoResearch), in 2% donkey serum for 3 hrs. Retinae were washed using the same method as above. Wholemount retinae were mounted onto gelatine coated slides and both slices and wholemount were coverslipped in Prolong-X Gold mounting media (Thermo Fisher Scientific; P10144), and left to cure overnight and then stored at 4°C until analysis.





Microscopy

TH cell and c-fos density was quantified using a Zeiss AxioImager M2 microscope with MBF Biosciences StereoInvestigator. A contour was drawn around the retina with the 5x objective, and the counting frame size used was 500 x 500 μm. Total number of TH positive cells, c-fos, and TH/c-fos colocalised cells were counted through the entire thickness of the tissue using the 20x objective. These values were then divided by the area of the contoured retina to obtain a density value of cells per mm2. Representative retinal images were taken using a Zeiss Airyscan 800; wholemount retinal images were shallow stacks (~20 μm) taken through the inner nuclear layer and stratum 1 of the inner plexiform layer to show TH cell bodies and processes.





LC-MS methods

Mass spectrometric detection was performed on the Sciex Triple Quad™ 7500 mass spectrometer, fitted with an electrospray ionisation source (OptiFlow Pro Ion Source). MRM scan parameters for dopamine (parent 154.22; fragment 91.01) were: entrance potential (EP) 10V; collision energy (CE) 33V; collision cell exit potential (CXP) 12V. Dopamine-d4 (parent 158.22; fragment 141.03, EP 10V, CE 34V, CXP 11V), DOPAC (parent 123.04, daughter 40.973, EP -10V, CE -26V, CXP -20V), DOPAC-d5 (parent 128.1, fragment 100.0, EP -10V, CE -16V, CXP -7V). Parameters were as follows: curtain gas (CUR), 40 psi; ion source gas 1 (Gas1), 70 psi; ion source gas 2 (Gas2), 70 psi; CAD gas, 9; temperature (TEM), 450°C.

Liquid chromatography was performed using a Waters Acquity I-Class+ UPLC, working at a flow rate of 0.3mL/min with a Waters Acquity UPLC HSS C18 column of 1.7μm particle size, 2.1 × 100mm. The mobile phases were 0.1% (v/v) formic acid in Milli-Q water (A) and LC-MS grade methanol (B) at a gradient of 0-0.5min: 5% B; 0.5-3min: 5-100% B; 3-6min: 100% B; 6-7min: 5% B. Column and sample manager temperatures were kept at 40°C and 4°C respectively. Injection volume was 10μL in full loop mode (overfill factor of 3) from sample solutions contained in Total Recovery (Waters) glass vials. Dopamine (retention time - RT = 1.00 min) and dopamine-d4 (RT = 1.00 min) were analysed in positive ion mode whereas DOPAC (RT = 2.30 min) and DOPAC-d5 (RT = 2.30 min) were analysed in negative ion mode.






Results




Cell density and distribution

The density and distribution of tyrosine hydroxylase positive dopaminergic amacrine cells (TH cells) was assessed across development before and after eye-opening in animals raised under normal lighting conditions. TH positive cells were first observed from P3 and were found to be primarily in the dorso-temporal region of the retina (Figure 1A). The number of TH cells increased from P3 to a peak at P8 which can be visualized in the retinal maps shown in Figure 1A. The distribution of TH cells across the retina became uniform by P8, with an average density of 76.9 ± 5.6 cells/mm2 with no obvious concentration gradients or variations in density. Consequently, average densities are plotted after P8 in Figure 1C. Interestingly, between P8 and P10, prior to rod photoreceptor circuitry maturation, there was a significant decrease in this cell density to 45.3 ± 0.7 cells/mm2 (one-way ANOVA with Tukey post-test ***P < 0.001; Figure 1C). While a decrease in density could be due to growth of the retinal tissue, there was also a decrease in the total number of TH cells from 740 ± 28 cells at P8 to 563.5 ± 6.5 cells at P10 (*P<0.05; unpaired Student’s t-test, n=2 for each). The cell density then did not change into adulthood remaining around 40-45 cells/mm2 (one-way ANOVA with Tukey post-test P > 0.9 for all comparisons P10-P30; Figure 1C).




Figure 1 | Density and distribution of dopaminergic cells before and after eye-opening. (A), Representative images from wholemount retina before eye-opening show TH (green; dopaminergic amacrine cells) staining from postnatal day 3 (P3) in the dorsal temporal retina. TH cell distribution appears across the entire retina at P8 and P12. (B), TH cells in the wholemount retina after eye-opening appear evenly distributed throughout the retina. (C), Quantification of cell densities from P8 shows a significant decline in TH cell density after P8 before stabilising to adult TH cell density levels (one-way ANOVA with Tukey post-test ***P < 0.001). P8 n=5; P10 n=2; P12 n=4; P14 n=4; P16 n=3; P19 n=4; P30 n=5. Grey bar – age of eye-opening (P13). Dorsal, ventral, nasal and temporal marked as D, V, N and T respectively.







C-fos activation of dopaminergic cells by light is tightly linked to eye-opening

Dopaminergic amacrine cells are known to depolarise and release dopamine in response to light in the adult retina. Here we used c-fos, a marker of neuronal depolarization (16), to determine if light influences the activity of these cells in response to a 90 min light pulse. Before P12, no c-fos was ever found co-localised with TH cells in response to light-activation. However, widespread c-fos activation was observed in non-TH cells, but only in light-pulsed retinae (Figure 2); no c-fos was observed in any dark control retinae (Supplementary Figure 1). C-fos expression in TH cells was observed at P12 despite the animal having not yet opened their eyes but was limited to a small subset of cells in the dorsal retina (Figure 2C). Interestingly, two different litters of animals light-pulsed at P12 were compared (n=2 for each), in the first litter only 1 TH cell was found to be co-localised with c-fos in each animal. However, in the second litter (possibly a few hours older) 10 and 12 co-localised TH/c-fos cells were found in each animal respectively (Figure 2C). This suggests that dopaminergic cell activation by light starts immediately prior to eye-opening and is tightly linked to developmental age. All c-fos+ TH cells in both P12 litters were found in the dorsal retina. By P14 (after eye-opening) 100% of TH cells expressed c-fos in response to light and this 100% co-localisation was observed in all light-pulsed retinae after this age (P16 - P120; data not shown).




Figure 2 | C-fos activation by light in dopaminergic cells is tightly linked to eye-opening. (A), Schematic representation of the light environment of the animals prior to light-pulsing. Animals were dark-adapted from dusk the preceding day and light-pulsed for 90 min at subjective midday (red box; CT6 ± 1.5 hrs), then ocular tissues were immediately removed. (B, C), Representative images of sliced and wholemount light-pulsed retinae show TH (green; dopaminergic) cell staining with 0% colocalisation with c-fos (red) at postnatal day 8 (P8), before eye opening, and 100% colocalization with c-fos (red) at P14, after eye opening. (D), Retinal maps showing TH (green) and TH and c-fos colocalization (red with green border) with no colocalization at P8 (left), a small subset of colocalised cells in the dorsal retina at P12 (middle), and complete colocalization at P14 (right), immediately after eye opening. Arrows: c-fos only; asterisks: c-fos/TH colocalization; dorsal and ventral marked as D and V respectively.







Light-induced dopamine and DOPAC release occurs after eye-opening

How does c-fos activation of TH cells correlate with actual release of dopamine from these cells? To answer this question, we measured vitreal dopamine and DOPAC (a dopamine metabolite) which has been shown to be a reliable index of retinal dopamine release (17). We measured from various postnatal ages between P8 to P30 (prior to P8 vitreal volumes were too small to accurately quantify). Vitreous was removed after ~18hrs dark-adaptation at subjective midday under either dark conditions, or after a 1hr light pulse (see schematic Figure 2A). In the dark, basal dopamine levels reduce from P8 to P30 (Figure 3A; *P < 0.05; one-way ANOVA), whereas DOPAC levels remained at a constant low level in the dark at all ages measured (Figure 3B). This suggests that basal dopamine levels may play an important role in development. However, no significant difference was observed in vitreal dopamine concentration between light-pulsed and dark conditions until P30 (****P < 0.0001; unpaired Student’s t-test; Figure 3A) although there is a trend for higher dopamine levels in the light at P16 and P19. Vitreal DOPAC concentration is significantly higher in light-pulsed than the dark-adapted eyes after P16 and the magnitude of this difference increases with age (P16 *P < 0.05; P19 **P < 0.01; P30 ****P < 0.0001; unpaired Student’s t-test; Figure 3B). We see a considerable increase in the complexity of the TH cell dendritic/axonal processes with age (Figures 1A, B, 3C), particularly from P16 to P30. By P19, TH cell processes span the entire area of the retina, encircling neighbouring neurons with an intricate net structure. This increase in complexity appears to correlate with the ability of the dopaminergic cells to release dopamine in response to light. These data also indicate that vitreal DOPAC is perhaps a more sensitive indicator of light-induced dopamine release than vitreal dopamine which is more variable, in both light and dark conditions, throughout development in comparison to the adult retina.




Figure 3 | Light-induced dopamine and DOPAC release occurs after eye-opening. (A), Dark-adapted vitreal dopamine concentration decreases with increasing age (P < 0.05; one-way ANOVA). Vitreal dopamine levels are significantly higher in response to a 1hr light pulse compared to dark at postnatal day 30 (P30) (****P < 0.01; unpaired Student’s t-test; n number depicted above columns), but not at any other ages. (B), Vitreal DOPAC (dopamine metabolite) concentration is significantly higher in the light compared to the dark from P16 (P16 *P < 0.05; P19 **P < 0.01; P30 ****P < 0.01; unpaired Student’s t-test). (C), TH (green) cell dendritic axonal plexus complexity increases with age, particularly from P16, with ring structures visualised at P19. Grey dotted line denotes eye-opening.







Melanopsin drives retinal c-fos before eye-opening

As c-fos activation is widespread in the retina prior to eye-opening, albeit specifically not in TH cells, we co-stained retinae at P3, P8 and P12 for melanopsin. We found that a substantial number (but not all) of the c-fos cells co-localised with melanopsin (arrows Figures 4A–C). Since antibodies against melanopsin are known to only reveal a subset of ipRGCs, we repeated the experiment in animals lacking melanopsin (Opn4-/-). We did not observe any c-fos in light-pulsed retinae in Opn4-/- animals at P3 or P8, whereas some c-fos+ cells were evident at P12 (Figure 4G–I). It is likely that this c-fos at P12 reflects activation from recently mature rod or cone photoreceptors. Therefore, all c-fos observed in wild-type retinae at P3 and P8 (Figures 4A, B and retinal maps in Figures 4D, E) is driven by melanopsin phototransduction. Surprisingly, c-fos activation at P3 was restricted to the dorsal retina (Figures 4D), whereas melanopsin staining could be observed all over including the ventral retina (data not shown); by P8, c-fos was homogenously expressed across the entire retinal area (Figures 4E, F).




Figure 4 | Retinal c-fos is driven by melanopsin before eye opening. (A, B), Representative images of wholemount retinae P3 and P8 show c-fos (red) and melanopsin (Opn4, cyan) colocalization in the majority of cells after a 90 min light pulse. (C), Colocalization of Opn4 and c-fos is also seen at P12 but more non-colocalised cells are observed. (D), C-fos expression is restricted to the dorsal retina at P3, and throughout the retina at P8 and P12 (E, F). Dorsal and ventral marked as D and V respectively. (G–I), No c-fos was observed in Opn4-deficient mice at P3 or P8; some c-fos could be observed at P12 (arrows).








Discussion

Our observation that dopaminergic cells begin to express TH at ~P3 is consistent with previous reports (5, 18), although it is thought that these cells are differentiated much earlier, before embryonic day 20 (19). Whilst populations of these cells in development have been studied in various mammalian models including rabbit, cat, hamster, gerbil, and mouse (8, 20–22), the significant peak in TH cell density we see at P8, and subsequent drop at P10 prior to eye opening, has not been explicitly reported. This reduction in cell numbers may be due to either cell phenotype changes, or via developmental neuronal loss that generally occurs in the mouse retina in the first 2 weeks (23, 24). Certainly, mice lacking the pro-apoptotic Bax gene exhibit 5-fold more dopaminergic cells than littermate controls (25) suggesting the reduction between P8 and P10 likely reflects cell apoptosis. Whether this process is modulated by light or not is unknown, but given that dark reared animals show a reduction in dopaminergic cell number, or at least TH expressing cells (12), light may potentially cause a reduction in TH cell apoptosis. Future studies will examine this density change from P8 to P10 under altered light rearing conditions.

The emergence of TH expressing dopaminergic cells in the dorso-temporal region has been previously seen in gerbils and hamsters (20) and appears to correlate with the predominately dorsal confinement of c-fos activation (driven by melanopsin) at P3 (Figure 4D). While we find no evidence of direct activation of TH cells by ipRGCs, it is certainly possibly that maturation of dopaminergic cells relies on indirect cues from the activity of ipRGCs. Neither melanopsin, nor ipRGCs themselves, appear to be needed for normal adult development of the dopaminergic system (12) but the pattern of localisation of TH cells has not been described prior to eye-opening in animals lacking melanopsin/ipRGCs. It is possible that the dorso-temporal localisation of TH cells at P3 is dependent on ipRGC activity in early development. Certainly, the correct lamination of cones appears to be directed by melanopsin phototransduction prior to eye opening, but light inputs from rods and cones are able to correct these defects at eye-opening such that the adult retina of Opn4-/- animals exhibits normal cone lamination (26). Future work will assess the influence of melanopsin phototransduction on the development and localisation of dopaminergic cells at early developmental stages.

The co-localisation of c-fos in TH cells at eye-opening agrees with our previous work that implicates classical photoreceptors, and in particular rods, in driving dopaminergic cell activation by light (7, 27). While the exact neuronal response that drives c-fos activation in retinal cells is not entirely known, it is usually observed in response to strong neuronal depolarisation that allows substantial calcium-influx (16). The ubiquitous light-induced c-fos expression in TH cells following classical photoreceptor circuitry maturation (9, 10) argues that TH cells are robustly activated by rod and/or cone input. If a light-driven synaptic input from ipRGCs to TH cells is present before eye-opening it must not be sufficient to raise calcium levels to the appropriate levels to stimulate c-fos expression. Indeed, while a light-driven ipRGC input to TH cells has been described in adult animals lacking rods and cones (28) we have never observed light-induced nuclear c-fos activation in TH cells in these animals (27). Importantly, light-induced dopamine release has also never been observed in rodless coneless animals (7, 27) suggesting that c-fos activation and dopamine release are correlated. The light intensity delivered to the animals approximates that of a cloudy day at noon. While this is likely somewhat brighter than young pups residing in a nest would experience naturally, we aimed to use an intensity that was sufficient to determine if ipRGCs convey light information to TH cells. Even at these bright intensities, we show here that no TH cells are activated by light before rod and cone maturation.

Vitreal DOPAC shows a small, but significant, light-induced increase at P16, but a light-induced increase in vitreal dopamine is not significant until P30. While there is a trend for increased dopamine under light conditions at P16 and P19, the large variability in dopamine concentration between animals may mask the influence of light on dopamine release. It is known that retinal waves drive dopamine release in the retina before eye-opening (5), and thus, depending on when the animal is sacrificed it may be that a retinal wave had either just occurred, or was just about to occur. This would add significant variability to vitreal dopamine measurements taken before eye-opening but does not explain the variability observed at P14-P19. The answer perhaps lies in the production of DOPAC, a metabolite of dopamine produced intracellularly. While DOPAC is present in the eye prior to eye opening, its concentration is very low and it is not produced in response to light until P16, and even then, at low levels (Figure 3B). It is possible that, in contrast to adult retina, dopamine release from TH cells in development is not immediately taken back up via the dopamine transporter (DAT). This would lead to a scenario where an overall high dopamine concentration in the retina is maintained at a steady state by frequent retinal waves. It has been shown that the activity of DAT may be driven by violet light via neuropsin (Opn5) in development (29), so the lack of violet wavelengths in our standard LED lighting may confound these results. However, it is surprising that widespread activation of ipRGCs with light (Figures 4A, B) does not increase dopamine levels when we consider that retinal waves have been shown to increase in duration by up to 50% following light stimulus (30). Since these retinal waves cause dopamine release (5) we might expect light to increase vitreal dopamine concentration. However, a one-hour light pulse may not have been long enough to increase overall dopamine concentration via an increase in wave duration. Future work will assess the effects of longer light exposure on vitreal dopamine levels.

The emergence of light induced DOPAC release at P16 correlates with the increase in complexity of the dopaminergic cell dendritic/axonal plexus. We have previously suggested that light-inputs to dopaminergic cells occur locally at varicosities on TH cell processes (7). This hypothesis could support the data that we show here that while dopamine release in development is widespread, light-induced dopamine release may specifically rely on synapses formed on the dense plexus of processes that develop from P16-P30 (Figure 3C). The development of the TH cell plexus has also been shown in other mammalian species with this change in complexity particularly noted following eye-opening (8, 21, 22, 31). Together, these data suggest that dopamine is an important neuromodulator present in the retina prior to eye-opening, but its release in response to light is a feature that subserves image-forming vision specifically, given that it does not occur prior to eye-opening.

Finally, we show that light-activation of the retina is widespread throughout all ages prior to eye-opening and is driven exclusively by melanopsin. While light activation of Opn5, expressed in ganglion cells, has been described at these postnatal ages (29), we show here that this light activation does not cause c-fos activation. We were surprised to see the pattern of c-fos expression at P3 restricted to the dorsal retina despite melanopsin expression in RGCs in ventral retina. The ventral ipRGCs may still be activated by light, but our data suggests the strength of this activation, or at least the calcium response, is greater in the dorsal retina. Light responses of ipRGCs have been measured ~P3 but confinement of these response to the dorsal retina was not noted (32–34). Animals at P3 will receive a diffuse light stimulus at this age due to their closed eyes, meaning it is unlikely that this dorsal activation reflects the animal’s experience of the world. It is more likely that ipRGCs in the dorsal retina display phenotypic differences at this age to direct the development of retinal, or higher order visual circuits.





Conclusion

Light-induced activation of dopaminergic amacrine cells, and dopamine release, in the mouse retina is tightly linked to eye-opening and the maturation of classical photoreceptor activation. While we show that melanopsin containing ipRGCs are strongly activated by light prior to eye-opening, they do not cause c-fos activation of dopaminergic cells or light-induced dopamine/DOPAC release. However, dopamine concentration of the vitreous is high in early development, under both dark and light conditions, indicating a significant role for this neuromodulator in retina/eye development. However, the role for dopamine in the retina likely shifts, following eye-opening, to driving light-adaptation of rod and cone circuits once they are mature.
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Sending an axon out of the eye and into the target brain nuclei is the defining feature of retinal ganglion cells (RGCs). The literature on RGC axon pathfinding is vast, but it focuses mostly on decision making events such as midline crossing at the optic chiasm or retinotopic mapping at the target nuclei. In comparison, the exit of RGC axons out of the eye is much less explored. The first checkpoint on the RGC axons’ path is the optic cup - optic stalk junction (OC-OS). OC-OS development and the exit of the RGC pioneer axons out of the eye are coordinated spatially and temporally. By the time the optic nerve head domain is specified, the optic fissure margins are in contact and the fusion process is ongoing, the first RGCs are born in its proximity and send pioneer axons in the optic stalk. RGC differentiation continues in centrifugal waves. Later born RGC axons fasciculate with the more mature axons. Growth cones at the end of the axons respond to guidance cues to adopt a centripetal direction, maintain nerve fiber layer restriction and to leave the optic cup. Although there is extensive information on OC-OS development, we still have important unanswered questions regarding its contribution to the exit of the RGC axons out of the eye. We are still to distinguish the morphogens of the OC-OS from the axon guidance molecules which are expressed in the same place at the same time. The early RGC transcription programs responsible for axon emergence and pathfinding are also unknown. This review summarizes the molecular mechanisms for early RGC axon guidance by contextualizing mouse knock-out studies on OC-OS development with the recent transcriptomic studies on developing RGCs in an attempt to contribute to the understanding of human optic nerve developmental anomalies. The published data summarized here suggests that the developing optic nerve head provides a physical channel (the closing optic fissure) as well as molecular guidance cues for the pioneer RGC axons to exit the eye.
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1 Introduction

The mammalian retina comprises five classes of neuronal cells (1): the photoreceptors transduce light into an electrical signal and transmit it in the outer plexiform layer to bipolar cells. At this level lateral interactions are provided by horizontal cells. In the inner plexiform layer (IPL), the bipolar cells connect to the retinal ganglion cells (RGCs), which send the visual information in the form of nerve spikes to the retinorecipient nuclei in the brain. At IPL level, amacrine cells assist in retinal computation by a variety of inhibitory and excitatory lateral connections with bipolar cells and RGCs. Until now, more than 40 RGC types have been identified, which receive various combinations of signals from the approximately 70 types of interneurons so that they extract distinct visualqualities (2–10). RGCs of the same type form anatomical and functional mosaics within the retina, namely the dendritic arbors of a given RGC type tile the retina uniformly and their receptive fields sample the visual scene and extract specific visual features (11–13). As a result, every point in the visual field is reported to the brain through multiple parallel channels (14) dedicated to different visual modalities such as contrast, color, or motion (1, 2, 15–18) and the brain receives a number of parallel images of the world (3). The anatomical basis of this connection is the optic nerve, a fascicle of RGC axons linking the retina to the brain. In the last decades, the field of developmental neuroscience has predominantly focused on the study of cell type specification, especially encouraged by the advent of single-cell RNA sequencing tools (19–21). Sending an axon towards the optic disk and through the optic nerve is a defining feature of all RGCs, regardless of the cell type. It is one of the earliest developmental events, occurring right after RGCs differentiate (22–25), at a time when RGC types are not yet specified (26). Although numerous papers have reviewed RGC axon guidance mechanisms (27–36) – most of them are focused on population - level axon steering events such as chiasm crossing and retinotopic mapping at the targets while the determinants of RGC axon emergence and optic nerve formation are far less explored.

The need to more comprehensively approach this subject is enforced by the increase in frequency of optic nerve development anomalies in humans. A significant cause of congenital blindness, human optic nerve developmental anomalies are a heterogeneous group of diseases ranging from optic pits, segmental or global optic nerve hypoplasia to optic nerve aplasia, optic disc conformation anomalies and syndromes associating microphthalmia, colobomas, aniridia or brain anomalies (37–43). Single-case reports or small case series have identified a variety of genetic mutations linked to these anomalies and recent whole-genome-sequencing studies extend these lists considerably (44, 45). These findings can only be valued if mechanistic roles of these genes in the development of the optic nerve is demonstrated in animal models.

Similar to other white matter tracts in the brain, the optic nerve develops based on a few pioneer axons which use their growth cones to follow various guidance cues on their way to the targets (30). They are joined by the axons of the later-born RGCs by fasciculation (46). The first intermediate target for RGC axons is the optic nerve head (ONH), a region located at the junction between the future retina (the optic cup) and optic nerve (the optic stalk), resulting from complex morphogenetic movements of the optic vesicle – extensively reviewed (39, 40, 47–54). The necessity for the ONH in RGC axon development is demonstrated by the cases of retinal organoid cultures. In the absence of an optic stalk, retinal organoids are still differentiating and developing many anatomical and functional aspect of in vivo retinas, but are unable to grow RGC axons, as RGC survival is compromised (55, 56). This limitation was recently partly overcome by assembling retinal and thalamic organoids (57) or by culturing optic vesicle bearing brain organoids, that maintain the continuity between the optic vesicle and the brain (58). Identifying the ONH signals dedicated to RGC axon pathfinding is complicated by the coincident timing of morphogenesis of the optic cup and optic stalk, optic fissure closure and the escape of the first RGC axons out of the optic cup (59–61). An added challenge is to discriminate between primary RGC axon guidance defects and axon misrouting secondary to optic cup/stalk developmental anomalies such as coloboma or patterning defects (62, 63). The aim of this review is to survey the experimental results of the past decades on optic cup/optic stalk morphogenesis and early RGC axon guidance in conjunction with the recent RNA sequencing studies on developing retinas/RGCs in order to characterize the interplay between extracellular signaling molecules and intrinsic transcriptional pathways involved in the initiation of RGC axons pathfinding, which could be targeted in future retina/optic nerve regeneration strategies. The information presented in this review mostly comes from experiments done on mouse models. In case findings are coming from other species, the experimental models are mentioned in the text. We propose that the key to early RGC axon guidance is the spatial and chronological correlation between optic fissure closure and RGC differentiation initiation allowing the closing optic fissure to serve as a permissive channel for the pioneer axons, which are followed by the next axons by fasciculation.




2 Retina morphogenesis

The first target of the RGC axons in their way to the retinorecipient nuclei in the brain is the optic disc. The position of the optic disc precursor region changes during the successive morphological rearrangements that take place during the morphogenesis of the eye (Figure 1A).




Figure 1 | (A) Schematic illustration of eye morphogenesis. (B) Schematic developmental timeline of main events in mouse retinal ganglion cells development. grey arrow, developmental transformation; orange arrow, influence; RGC, retinal ganglion cells.





2.1 Eye field differentiation

The origin of the nervous system is the ectoderm, where a neuroectoderm is specified by BMP4 inhibition via follistatin, chordin and noggin (64). The anterior neuroectoderm is further induced by Wnt downregulation (64). As demonstrated in xenopus, within this region an eye field will be induced by signals coming from the adjacent mesenchymal tissues (65). Signals from the prechordal mesoderm including cyclops (Cyc), sonic hedgehog (Shh) and SIX3 split the eyefield in two (47, 49, 66). It further develops into two laterally placed optic vesicles under the influence of Eph/Ephrin signaling at an intersection between the Wnt and FGF pathways (40, 67).




2.2 Optic vesicle evagination

Lateral evagination of the forebrain precursor region leads for the formation of the optic pit that evolves to an optic vesicle (47, 68). The lateral expansion of the optic vesicles brings them in the vicinity of the lens-competent surface ectoderm. Close contact between the two structures is ensured by the displacement of the interposed mesenchyme and by a meshwork of collagen and cellular processes (47). The cavity of the optic vesicle is in direct communication with the ventricular cavity of the brain (69).

Optic vesicle formation occurs under the control of Rax, Pax6 and Tll (48). Activated by Sox2 and Otx from the anterior neuroectoderm, Rax represses NLCAM and induces CXCR4 acting on cell shape and movement with the important contribution of laminin (48, 70, 71).




2.3 Optic vesicle patterning

A recent single-cell RNA sequencing study (72) highlights the cellular heterogeneity of the optic vesicle comprising seven distinct neuroepithelial cell populations, four of which are stage-dependent presumptive retinal precursors. The optic vesicle becomes regionalized under the influence of eye field specific transcription factors including Lhx2, Pax6 and Six3, upregulated by Rax (48, 73). Anatomical orientation of optic vesicle patterning also relies on optic neuroepithelium cilia required for Hedgehog signaling, expressed in a proximal-high to distal-low gradient, as well as for PCP, Wnt, TGF-β, PDGFα, RTK, mTOR and Notch signal transduction (74).

The proximal domain of the optic vesicle will form the optic nerve whereas its distal domain will become the neural retina (NR) and retinal pigment epithelium (RPE) (75). These domains are initially delineated on a dorso-ventral axis so that the dorso-distal optic vesicle will form the future NR and RPE, and the proximo-ventral optic vesicle will become the ventral optic stalk (vOS) (47). The presumptive RPE and the ventral optic stalk each are continuous with the presumptive forebrain, but are separated from one another by the ventricular space (69). At this stage, RPE-NR and NR-vOS boundaries are fluid. Proximo-ventral fate is specified by hedgehog (Hh) through activation of Pax2, Vax1 and Vax2. In zebrafish, Hh also represses Pax6, the dorso-distal specifier, by expression of Mid1, a regulator of Pax6 ubiquitination (76). The NRE-vOS boundary is gradually sharpened also by Pax2-Pax6 mutual repression and Hes1 activity in the vOS (47, 77). Future ONH cells are tripotential and need Pax2 to shut off NRE and RPE fates, to adopt glial fate and to activate Hes1 (63). NR/RPE fates are specified by Vsx2 (or Chx10)/Mitf expression respectively, regulated by Lhx2 and lens-derived FGF signaling (48, 51). FGF soaked beads have the ability to convert RPE to neural retina in chicken (78, 79). In mice, the surface ectoderm provides FGF1 and 2 which activate VSX2, that in turn represses Mitf (80, 81). Among the multiple FGF ligands, FGF8 coming from the telencephalic vesicles has the main role in optic vesicle patterning, while the others are able to compensate in its absence, as shown in zebrafish (82). RPE differentiation requires the Wnt/beta-catenin pathway, including Porcn function (83).




2.4 Optic cup and optic stalk invagination – optic fissure

The optic vesicle undergoes a process of invagination between becoming a bi-layered optic cup (inner NR and outer RPE) and optic stalk in coordination with the invagination of the lens placode to a lens vesicle (69). The surface ectoderm covering the lens will become the cornea thus defining the mature appearance of the eye (47). The edge where the inner and outer layers meet plays a role in the invagination process and evolves into the ciliary body and the iris (40, 47, 84). Interactions between the optic vesicle and the surface ectoderm are essential for the invagination process (85) and are based on Pax6 regulated fibronectin 1 expression along with the retinoic acid (RA) signaling pathway (86, 87). RA local concentration is controlled by synthesizing (RALDH1/3) and catabolizing (CYP26A1/C1) enzymes and in chick retina it is localized complementary to FGF8 expression (88). Lhx2 is a regulator of both optic cup and lens formation (89). Optic cup derived RA also control the expression of periocular mesenchyme markers such as Pitx2 and FoxC1 (51).

Optic vesicle invagination is asymmetric (35, 90), more accelerated on the ventral side leading to the formation of a grove, the optic fissure (91) and to a reflection of the proximo-ventral/dorso-distal axis as the RPE enwraps the NR (47). The region where the proximal and distal portions of the optic fissure join will develop in to the optic nerve head (92). Formation of the optic fissure allows the mesenchymal cells to invade the optic cup and to form the hyaloid vasculature (93). While the vOS invaginates and forms the tissue through which the RGC axons will travel, the dorsal optic stalk will transform in non-neural tissue sheathing the optic nerve (47). The optic fissure domain is characterized by Netrin 1, Pax2, Vax1, Vax2 and Raldh3 expression (50, 93). Lower levels of Raldh3, Vax2 and Tbx5 and expansion of the Pax2 domain associated with increased apoptosis in the ventral retina was seen in Fz5 (a Wnt receptor) conditional knock-out mice (94). Optic fissure formation is induced by lens-independent signals including Pax2, Vax1, Vax2, Bmp7 (from the periocular mesenchyme), Shh and FGF (50, 91). Optic fissure formation is disturbed by experimental manipulations of these morphogens. Bmp7 knock-out mice have no optic fissure, Pax2 knock-out mice bear proximal optic fissure defects and RA induces optic fissure invagination in zebrafish (50, 91, 95).

As the optic cup grows, the optic fissure margins get closer to each other, displace the intertwining periocular mesenchyme and come in contact (51, 91). Optic fissure closure begins at midway and progresses both distally and proximally based on two distinct processes: fusion (basement membrane elimination) and intercalation (filling of the optic fissure space with newly differentiated astrocytes and incoming axons), which is more characteristic for the proximal part of the optic fissure (47, 51, 91). The hyaloid artery remains separated from the axons in the OS by a laminin cap contact (91). Optic fissure closure requires sharp delineation between the NR/RPE domains based on mutual restricting Mitf and Pax2 expression, regulated by Zfp503 (96) and FGF signaling via FGF receptors associated with Frs2α-Shp2 complex, ERK/Ras signaling (62, 97, 98) and Wnt-Fz5 signaling (94). The actual fusion process is promoted by TGFbeta (99). Netrin1 is directly involved in the fusion process in chicken (100).

As any morphogenetic movement based on proliferation and sculpting, optic cup invagination and optic fissure closure are accompanied by significant cell death. In mice, there is a sequential wave of cell death starting from the ventral optic cup, continuing along the fusing edges of the optic fissure and proceeding into the optic stalk followed by an invasion of macrophages from the surrounding mesenchyme that phagocytize the cell debris and are in close contact with the emerging RGC axons (101).




2.5 Optic cup and optic stalk patterning

Patterning in the optic cup and stalk follows the general domains established at the optic vesicle stage (102) and further compartmentalizes the structure along three axes (dorso-ventral, naso-temporal and proximo-distal) under the control of Hh signaling, as demonstrated in xenopus (103). The dorso-ventral patterning is achieved by dorsal Tbx5, Xbr1, COUPTFI/II and ventral Pax2, Vax2 expression (47, 69) as a result of Hh versus Bmp signaling, according to studies done in chick and frog embryos (65, 104). In zebrafish, nasal Foxg1 and temporal Foxd1 restriction is regulated by interaction between FGF and Hh signaling (105). EphA receptors and EfnA proteins are expressed in complementary nasal to temporal gradients, while EphBs/EfnBs have opposing dorso-ventral gradient expression in the NR (27, 106). Dorso-ventral patterning of the RPE is influenced by Zfp503 (96). Patterning along the third axis, the proximo-distal one, entails centro-peripheric regionalization in the optic cup, ONH delineation and OS-OC boundary delineation. The ONH domain expresses markers of the optic stalk (Pax2 and Vax1) and ventral neural retina (Netrin1, Vax2 and Raldh3) under the control of Bmp7 and Shh (93). The periphery of the OC is represented by the ciliary margin zone expressing Msx1 and Otx1 (107). The ciliary margin zone has a distal Bmp4 domain and a proximal CyclinD1/Msx domain containing multipotential retinal precursor cells (108). Optic cup periphery specification requires Wnt and Shh signaling, transduced via Cdon, Boc, Gas1 and Lrp2 (40). The outer and inner layers of the ciliary margins generate the outer and inner layers of the iris and cilliary body respectively, under Pax6 signaling (109). Sub-patterning of this region is based on FGF gradients interacting with Wnt signaling (98, 110). The NR/RPE boundary from the ciliary margin zone continues on the optic fissure margins (51).

The optic stalk also has two layers. In analogy to the RPE completely surrounding the neural retina as a result of invagination and optic fissure closure, the non-neuronal tissue derived from the dorsal OS is completely encasing the vOS derived Vax1 positive epithelium (111). The ventricular cavity of the brain is still continuous with the future subretinal space (112) as a narrow space separating the two layers in the optic stalk. As a directly visible mark of the ongoing patterning process at the optic cup-optic stalk boundary, melanin observable in the RPE as well as in the wall of the distal optic stalk, which are continuous, and is gradually eliminated from the optic stalk and restricted to the RPE (113). The transient optic stalk melanization is concomitant with the exit of the first RGC axons in the optic stalk, but pigmented or previously pigmented Pax2 negative optic stalk regions are avoided by nerve fibers (93, 113).The inner optic stalk Pax2 positive astrocyte precursor cells extend in the retina as a cuff that enwraps the exiting RGC axons, separating them from the subretinal space (68). There is a mutual influence between the RGC axons and these cells: on one hand, the Pax2 ONH cells provide axon guidance cues including Netrin1, NCAM or, laminin but on the other hand once ONH fate is induced by Bmp7 from the periocular mesenchyme, Shh secreted by the RGC axons is needed to maintain the ONH Pax2/Netrin1 cell population, which express Gli1 and Ptch Shh receptors (68, 93). In the absence of RGC secreted Shh, melanin, Pax6 and Mitf appear in the optic stalk (114). Transdifferentiation of optic stalk tissue to RPE was also seen in FGFr1/2 or heparin sulfate deficient mice (62, 115).

The developmental sequence of optic vesicle – optic cup and stalk morphogenesis and patterning ensures the anatomical continuity between the neural retina, the residence of RGC cell bodies, and the optic nerve precursor so that the RGC axons travel a natural course to the future optic chiasm region. As Table 1 illustrates, any disruption in this sequence can disturb the early developmental steps of the RGCs.


Table 1 | Mouse knock-out models for early retina morphogenesis developmental defects.







3 Retinal ganglion cells development



3.1 RGC differentiation

Retinal precursor cells (RPCs) are able to generate all retinal neural cell classes and Müller glia, while astrocytes, macrophages and microglia later migrate into the retina (120). They commit to a specific fate as they transition from proliferative to terminal division states (121–123). The retinal cell types are produced in a stereotypic sequence, with RGCs, cones, horizontal and amacrine cells in a first wave and a second wave for bipolar, glial and a part of the amacrine cells, while rods differentiate throughout the retinal development time frame (120). RGCs differentiate in a central-to peripheral wave starting from the dorso-central retina, adjacent to the ONH (124, 125)

Uncommitted and lineage-restricted RPCs are located in the neuroblast layer, at the apical side of the NR, similar to the ventricular zone in the developing brain (126). Apolar RGC precursors become postmitotic in the neuroblast layer and become bipolar as their cell body translocates to the basal surface of the retina, where the ganglion cell layer will be located (122, 127). As they differentiate to RGCs, the apical process detaches and they become multipolar, growing an axon and dendrites (24). RGC precursors failing to differentiate undergo apoptosis in the ganglion cell layer (122). A subset of non-apoptotic new-born RGCs are eliminated 24h after birth by microglia based on complement signaling through phagoptosis (128).

A second source of retinal cells is the Msx1 precursor cell located at the ciliary margin zone (129). RGCs from the ciliary margin zone differentiate later than the central ones (31). Instead of translocating from the ventricular layer, they migrate laterally from the CyclinD1 zone directly in the ganglion cell layer (31, 108)

Still multipotential, RGC precursors are already committed to a specific type. The cell-type specification is continued in late embryonic and postnatal life through intrinsic transcriptional programs to reach the 40 types of mouse RGCs (26). For example, Ret-Brn3a interactions in postmitotic neurons can switch cell type/morphology (130).




3.2 RGC axon pathfinding

The vitreal process of the bipolar RGC precursors transforms into an axonal growth cone (24). RGC axons emerge very early during differentiation, even before the cell body has translocated to the ganglion cell layer (114) and start to express Gap43 and Tuj1 (131). RGC axons are already seen in the optic stalk coming from bipolar precursor cells with cell bodies at different hights in the retinal epithelium (132).

The most distal expansion of the axon is known as the growth cone (132), a sensory-motor structure capable of extending retracting processes called filopodia (thin) and lamellipodia (flat) in response to external signals (29, 133). Lamellipodia have a branched network of F-actin maintained by branching proteins such as Arp2/3 whereas in filopodia F-actin bundling proteins like alpha-actinin and fascin keep F-actin in parallel bundles (134, 135).

Growth cone steering (chemotropic turning) or growth cone collapse under the influence of axon guidance cues implies rapid changes in local protein levels achieved by local translation and protein ubiquitination (136, 137). Axon pathfinding is based on growth cone cytoskeletal reorganization, a sequence of F-actin addition on the plus-end of microtubules, retrograde F-actin flow and microtubule–F-actin coupling influenced by the strength of the adhesion on the substratum, as shown in aplysia ex vivo studies (138). Growth cones have a spread form and move fast on adhesive substrates and adopt contracted forms and stall on less adhesive substrates (132). Axon growth is an intermittent process, characterized by advances and pauses (139).

Once generated, RGC axons grow centripetally (Figure 2), within the optic nerve fiber layer and exit the eye through the ONH, enter the optic stalk within the neuro-epithelial lining of the optic fissure and travel along the optic stalk to the midline (24, 29, 140). Dye implant studies in rats and ferrets and mouse electron microscopy studies have shown that axon fibers do not preferentially occupy certain depths within optic nerve fiber layer or the optic stalk, newly added fibers being intermingled arbitrarly with the already present ones (112, 141, 142). In human fetuses, maturing and newly born axons are intermingled and the only ordering is at the entrance in the optic disc, where retina quadrant provenience is respected (143). This order of the axons at the ONH is lost within the optic nerve, so that axon guidance cues at the following checkpoints on their path to the targets are needed in order to ensure final retinotopic mapping (144). The next intermediate target is the optic chiasm, where the ipsi/contra-lateral projection decision is made. The axons continue their path in the optic tract and defasciculate at their final targets where they assume retinotopic positions according to their cell type and retinal eccentricities. These processes have been extensively studied and reviewed and are beyond the scope of this paper (29–31, 145).




Figure 2 | Schematic illustration of RGC axons pathfinding in the E12.5 mouse optic cup and stalk. Markers for each domain of the optic cup and stalk are listed in color code. (A) Lateral view. (B) Coronal section.






3.3 Developmental timeline of mouse RGCs

The main events in the developmental timeline of mouse RGCs are summarized in Table 2 and Figure 1B.


Table 2 | Mouse retinal ganglion cell axon development timeline.







4 Transcriptional profiles of early mouse RGCs

The behavior of RGC axons in Atoh7−/−and Atoh7−/−;Bax−/− mice, growing in the nerve fiber layer but failing to exit an apparently normal ONH, suggests that intrinsic RGC transcription programs are required for eye exit in addition to ONH guidance (173). Brn3b and Isl1 ectopic expression from the Atoh7 locus in Atoh7 knock-out mouse retinas rescues the axon guidance phenotype (174) showing that Atoh7 is indirectly involved in axon guidance by inducing Brn3b and Isl1. There is very little knowledge on transcription factors and downstream genes involved in RGC axon guidance, and identified phenotypes involve events that occur later than eye exit. Delayed axon growth and abnormal axon de-fasciculation from the optic tracts was seen in Brn3b knock-out mice (23, 169) and ipsi-/contra-lateral projection phenotypes were observed in Zic2, Isl2 and Sox4,11,12 mutants (117, 175–181).

RGCs are the first differentiated cells in the neural retina and axon emergence and pathfinding is the major developmental process they are involved in. In this context, RNA sequencing studies of newly born RGCs have the potential to identify the transcriptional pathways involved in pioneer axon pathfinding. However, due to the technical challenges such as the small size of the retina and the small cell number there are only a few published papers more or less directly focused on newly born RGCs (21, 26, 168, 173, 182–186). According to Shekhar et al. (26), there is a good overlap between their developing retina single cell RNA sequencing data and the other two studies using the same methodology, namely Clark et al., (184) and Giudice et al., (182).

Table 3 presents a selection of genes resulted from three RNA sequencing studies using different approaches: the first study (168) used immunomagnetic sorting of dissociated E15 retinas to sequence RGC RNA against retina supernatant, the second study (182) performed single-cell RNA sequencing on E15 retinas and identified newly born RGCs by unbiased clustering, and a third study (183) performed bulk RNA sequencing on E11 to P28 retinas. The genes were also looked up in microarray studies in embryonic retinas of Atoh7 knock-out mice (185, 186), RNA sequencing in isolated embryonic RGC growth cones (137) and public in situ hybridization databases (Allen Brain Institute and Eurexpress). The selection resulted from the logical intersections between lists of genes identified in relevant categories of samples in the three studies (for complete lists and intersection strategies see Supplementary Table 1). Cellular localization of the genes according to https://www.ncbi.nlm.nih.gov/gene/ is presented in Supplementary Table 2. Our selection included some proteins belonging to the Netrin1-Dcc signal transduction pathway, namely App (Stmn2, Kif1b), Cdc42, Trim67, Tubb3 (187–191). Manipulations of some of the identified genes/proteins produce RGC axon guidance errors: Cntn2 deficiency is linked with axon fasciculation and contralateral projection defects (192); Dcc knock-out results in failure of RGC axons to exit the eye (151); Gap43 null RGC axons have chiasm crossing defects (193); Igf1 and Igfbpl1 contribute to RGC axon growth by intracellular Calcium level modulation and mTOR pathway activation (194); antibodies against Nfasc induce de-fasciculation in chick RGC cultures (195); Nrcam is required for chiasm crossing (196); Nrp1 conditional knock-out causes chiasm crossing and optic tract fasciculation defects (197) and Tenm3 deficient RGC axons fail to project ipsi-laterally (198, 199). Others genes in the list - App, Cdc42, Celsr3, Chl1, Elavl4, Evl, Islr2, Kif1b, Kit, Kitl, Mmp24, Stmn2, Tubb3 - are associated with axon growth or guidance defects in other regions of the nervous system or in cultured neurons (191, 200–213).


Table 3 | Genes expressed in developing retinal ganglion cells (RGCs).






5 Signaling – transcription interactions in early axon pathfinding in mouse RGCs



5.1 General principles

RGC axon pathfinding implies pioneer axon guidance and later born axons fasciculation (214). Pioneer axons navigate in the retina based on chemotaxis (attractive and repulsive cues forming gradients) and haptotaxis (physical interactions with permissive substrates) (30, 91, 215, 216). The next paragraphs survey the evidence on the regulation of RGC differentiation timing, haptotaxis and chemotaxis conditions for the pioneer RGC axon guidance and on RGC transcriptional programs involved in pioneer axon pathfinding and cofasciculation (Figure 3). The molecular determinats of retina development known from mouse studies and their corresponding human phenotypes are listed in Supplementary Table 3.




Figure 3 | Schematic illustration of RGC axon guidance cues in the E12.5 mouse optic cup and stalk.






5.2 Regulation of RGC differentiation

Retinal cell type differentiation sequence is a result of RPC intrinsic programs and extrinsic cues (48). RPC proliferation and multipotential state is regulated by Vsx2, Pax6, Six3, Six6, and Sox2 (126). Notch and Shh signaling keep RPCs in the proliferative state (217). Notch-Delta signaling maintains the progenitor pool by lateral inhibition (49, 218) and contributes to the transition from naïve to competent RPCs (145). When Delta-Serrate-LAG2 ligands from adjacent cells bind to the Notch extracellular domain, the intracellular domain together with RBPJ and MAML1 translocates in the nucleus and activates Hes1 and Hes5 transcription. When ligands and receptors are expressed by the same cell, the Notch pathway is inhibited. Notch expression is activated by Sox2 and suppressed by cell type specific factors like Atoh7, Ascl1, Ptf1a, and Foxn4 (175, 219). Sfrp1/2 also deactivate Notch signaling via Adam10 (220). miRNAs maintain the RPC competence window for RGC differentiation (221, 222).

Experiments in zebrafish and chicken have shown that Shh signaling from the midline and FGF signaling from the OS trigger RGC differentiation (223, 224). OS derived FGF3 and FGF8 initiate neurogenesis in the central retina (78, 224). FGF8 is negatively regulated by retinoic acid (88). Retinoic acid catabolizing enzymes Cyp26a1 and Cyp26c1 are expressed in an equatorial streak (225) characterized by higher RGC density (88). Conditional FGFR1/2 double knock-out in mouse RPCs impairs RGC differentiation onset (97). The FGF–Frs2–Shp2 pathway controls RPC proliferation (62, 97, 115). Ikaros is involved in the production of early RGCs (121, 226).

Once started by FGF signaling, the RGC genesis wave progresses to the periphery based on Shh signaling, as observed in zebrafish (227). Brn3b regulated (168) secretion of Shh from RGCs modulates proliferation and differentiation of RPCs (68) and is required for the maintenance of the RPC pool (120). Neurogenin2 and Ascl1 are also responsible for the propagation of the RGC genesis wave (175). Neurogenin2 is expressed ahead of the RGC wave edge and regulates Atoh7 transcription in RPCs (228). Secondary RGC genesis from the ciliary margin zone is regulated by CyclinD2, a cell cycle facilitator (31, 108).

Pax6 activates transcription factors that commit RPC to different fates so that in absence of Pax6 only amacrine cells are produced (126). Downstream of Pax6, two proneural transcription factors are Neurog2 and Atoh7, which is also under the control of Gdf11 and follistatin (49). Atoh7 expression in RPCs determines competence acquisition, not RGC fate commitment and its absence nearly eliminates RGCs (229). Neurog2 and Atoh7 activate RGC specification transcription factors including Sox4, Sox11, Neurod1, Brn3b and Isl1 (230). The Atoh7-Brn3b pathway suppresses non-RGC transcriptional programs and accounts for 70% of RGC differentiation (123). Brn3b further activates Brn3a, Brn3c, Eomesodermin, Ebfs, Onecut1, and Onecut2. Isl1 is required for RGC specification having overlapping targets with Brn3b (168, 231). Ectopic expression of Brn3b and Isl1 from the Atoh7 locus in Atoh7 knock-out mouse retinas rescues RGC differentiation (174). Other than Brn3b and Isl1, NeuroD1 or SoxC can also partly compensate for the absence of Atoh7 (175, 232). Dlx1/2 are expressed at transition stages of RGC fate commitment, and are negatively regulated by Brn3b and Isl1, and the Bmp and Vegf pathways also contribute to RGC differentiation (175, 233).




5.3 Regulation of RGC axonogenesis

The axons grow directly from the basal aspect of the RGCs concomitant with apical process detachment (127). Polarized organization of cytoskeletal structures governed by instrinsic mechanisms was identified in various neuronal populations prior to axon emergence (27, 234). RGC axon sprouting is controlled by integrins and cadherins (22). FGFs stimulate axon generation and growth in xenopus RGC cultures (235). Experiments in mouse cortex have shown that apically oriented axon genesis is linked with the movement of the centrosome apical to the nucleus and that this polarization is regulated by TGF-beta – LKB1 –BDNF signaling (127, 236). The orientation is reversed in the retinal neuroepithelium, which has a basal lamina made of laminin, collagen IV, nidogen, agrin, condroitin sulfate proteoglycan (CSPG) and heparan sulfate proteoglycan (HSPG) (114). Laminin contact directly promotes axon sprouting by stimulating the accumulation of Kifc560, an early axonal marker, and the formation of growth cones (127). Glial polarity precedes neuronal polarity and studies in chicken retina explants have shown that glial endfeet promote axon formation while glial somata support dendritic growth (215). As the axon grows, the proximal segment loses the filopodia and takes a cylindrical shape and the ventricular process completely disappears (24). In zebrafish, apical retraction requires Slit1b-Robo3 signaling (237). Dominant negative N-cadherin expression leads to premature detachment in zebrafish (237) and blocks RGC axonogenesis in xenopus (18). Brn3b and Brn3c activate genes involved in axon formation and in their absence RGC neurites adopt dendrite-like features (152).




5.4 Regulation of growth cone dynamics

Growth cone steering and axon growth imply cytoskeleton reorganization which is mainly triggered by cell adhesion molecules (CAMs) (238, 239). Microtubule dynamic is modulated by several signal transduction pathways mostly based on kinases (240). Immunoglobulin superfamily CAMs involved (L1CAM, NCAM1, ALCAM, and CNTN2) activate Erk MAP kinase to promote axon growth in fasciculation because they are only expressed on axons, and not on the other substrates (241). RGC axons grow preferentially on L1CAM compared to extracellular matrix proteins such as laminin (242). Anti-L1 Fab and anti-NCAM Fab treatment had different effects on RGC axon growth cones in culture: direction change and lower growth speed versus increased elongation speed and premature growth stop respectively (243). FGF receptor mediated activation of the phospholipase C gamma cascade is needed for RGC axon growth in response to L1CAM in mice (242, 244). FGF signaling is also transduced by the Ras/MAPK and PI3K pathways (40, 115).

Cadherins are adhesion molecules expressed in the retina that promote axon growth by homophilic interactions. N-cadherin may play a dual role: it promotes neurite extension by sequestrating beta-catenin, and preventing the inhibition of adenomatous polyposis coli (APC) protein, a positive regulator of neurite growth. On the other hand, by binding to the cytoplasmic p120 catenin N-cadherin prevents GTPases Cdc42 and Rac1 from actin remodeling and thus has a growth inhibitory effect that prevents excessive axon growth at specific locations (245). In rats, transmembranar cadherins Celsr2 and Celsr3 have opposite effects on neuron-neuron contact triggered neurite extension based on homophilic interactions and downstream CAMKII (calcium/calmodulin-dependent protein kinase II) or calcineurin induction (246).

Studies in xenopus have revealed that in response to external cues such as a Netrin1 gradient, asymmetric cap-dependent translation of beta-actin is activated via phosphorylation of the translation initiation factor 4EBP, resulting in the pronounced extension of the filopodia located in the part of the growth cone exposed to the highest Netrin1 concentration (247).




5.5 Optic disc directionality

At the time of axon emergence, RGCs extend multiple transient minor processes to probe the environment for guidance cues and the ones oriented towards the attractive and away from the repellant cues will develop into the single axon, directed to the optic disc (243).



5.5.1 Attractive cues

The ONH domain exerts attraction on the RGC axons as illustrated by the misrouting of RGC axons towards the margins of the unclosed optic fissure, expressing ONH markers, in Fz5 conditional knock-out mice (94). Netrin-1 on the processes of optic nerve head glial precursor cells is acting as a chemotactic attractant for the axons expressing its canonical Dcc receptor (238, 248). DCC is preferentially expressed by the newly born RGCs that are sending their axons to the optic disc (182). A central-high/periphery-low gradient of Shh is also an attractive guidance cue acting on Ptc-Smoothened, Hedgehog interacting protein (HiP) and Boc receptors expressed by the RGCs (92, 249). RGCs themselves are a source of Shh having a dual role in axon guidance and glial cell development (68). Blocking the FGF receptor or the signal transduction pathway in rat retina explant cultures causes new RGC axons to lose the optic disc directionality and to grow towards the periphery (242).




5.5.2 Repulsive cues

The expression of the repulsive cues is complementary to that of the attractive cues, namely a periphery-high/central-low gradient (29). They are either secreted by the lens like Slit2 (250), or they are produced in the basal lamina in a wave preceeding the peripheral side of the newly born RGCs as it is the case for chondroitin sulphate proteoglycan (CSPG) (243, 251). Repulsive cues are regulated by transcription factor Zic3, with a periphery-high to central-low gradient of expression (114).





5.6 Optic nerve fiber layer restriction



5.6.1 Physical substrate

RGC axons grow in a narrow space delineated by RGC cell bodies and the vitreal basal lamina (the inner limiting membrane) (35). This space is occupied by the endfeet of glial precursor cells, similar to the radial glia in the brain, which are organized in a channel-like structures forming a network that orients the emerging axons (216). In chicken retina cryocultures, axons preferentially follow glial precursors endfeet compared to preexisting axons or laminin (215).




5.6.2 Attractive cues

Contact with glial precursors endfeet and the basal lamina is maintained on the basis of cell adhesion molecules such as NCAM and L1CAM as well as extracellular matrix proteins including Neurolin/DM-GRASP/BEN and NrCAM (29). In chicken retina, growth cones respond to a CRYPa1 receptor ligand expressed on the glial precursors endfeet by activation of rac and rho via the Trio protein resulting in axon growth and maintained contact between the RGC lamellipodia and the basal membrane (252). Basal membrane laminin binds to integrin receptors on growth cones and activate Rac and Cdc42 to promote axon extension (252).




5.6.3 Repulsive cues

RGC growth cones are prevented from entering the deeper layers of the retina by neuroepithelial precursor cells somas, which have a repulsive effect on RGC axons but are permissive for RGC dendrites in cryoculture experiments (35, 253). Slit1 and Slit2 from the RGC and inner nuclear layers also repel Robo2 expressing RGC axons and their absence causes RGC axon misrouting in the outer retinal layers (29, 254–256) . RGC axon fasciculation defects within the optic nerve fiber layer, together with invasion of the INL, ONL and subretinal space are also seen in mice missing both Sfrp1 and Sfrp2 (257) and repulsive signals from pigmented cells in the outer retina keep the RGC axons from entering the subretinal space (113, 118).





5.7 Intraretinal fasciculation

Pioneer RGC axons serve as guides for the newly born axons so that optic disc targeting and nerve fiber layer restriction are achieved by fasciculation. Transient minor processes of newly born RGCs contact axons of more mature RGCs (243) and form bundles mainly based on immunoglobulin superfamily CAMs trans-homophilic interactions (27, 46). In goldfish, such molecules include L1, NrCAM or neurolin (258). In addition to hemophilic interactions, L1CAM also has heterophilic interactions with integrin receptors (259). FGF receptor blocking causes de-fasciculation in rat embryonic retina explant cultures (242). Transcription factor Irx4 has been shown to play a role in RGC axon fasciculation by down-regulating Slit1 (260). Inhibitory EphB proteins contribute to fasciculation in the dorsal retina (261). Several receptor-ligand pairs have been found to be complementary expressed in newly born versus maturing RGC and assumed to contribute to fasciculation (182).




5.8 Entering optic stalk/exiting the optic cup



5.8.1 Physical substrate

After reaching the ONH region RGC axons pause, make a 90 degrees turn and exit the eye into the OS (262). The optic fissure margins are in contact and the fusion process is ongoing when the first RGC axons are exiting the eye (91). The presence of the optic fissure is essential for RGC axon exit, as demonstrated by the aberrant projection of axons in the vitreous or in the subretinal space leading to optic nerve aplasia in Bmp7 knock-out mice lacking an optic fissure and hyaloid artery (68, 93, 114, 263).

The path of the axons is not in the fissures’ lumen, which is occupied by the hyaloid artery, but within the neuroepithelial cells forming its walls (216). Axons are separated from the hyaloid artery by a laminin sheet (91). In continuity with their retinal homologues, optic stalk glial precursor cells have processes that form channel-like networks enclosing the axons (151). The timing of appearance and propagation of this meshwork of cellular processes is correlated and preceding the wave of RGC differentiation (216).

A potential physical substrate in the optic stalk is represented by the rare retinopetal fibers coming from the diencephalon (264). In the ferret, these fibers are transient and occupy the optic stalk before the entrance of the pioneer retinofugal axons (265).




5.8.2 Attractive cues

The formation of the channel-like extracellular spaces is accompanied by cell death (216). NGF secreting macrophages invade the central retina and optic stalk shortly before RGC axon emergence to clear cell debris resulted from the apoptosis related to optic cup morphogenesis (101). The NGF receptors TrkA and p75NTR are expressed by RGC axons at this developmental stage (101, 266).

For the molecules expressed in the ONH region it is difficult to distinguish their role as OC-OS morphogens from the role as axon guidance cues (114). ONH Pax2 positive cells form a cuff that guides the axons to the OS keeping them isolated from the RPE domain (153). They extend processes expressing Netrin1, an attractive cue acting on Dcc (93). Mutant mice deficient for Netrin1 or Dcc have optic nerve hypoplasia due to the inability of RGC axons to leave the eye in spite of having arrived at the ONH (248). R-cadherin is also an attractive molecule expressed by the ONH cells in chicken (267). ONH cells identity and function are under the control of Pax2, Vax1 and Vax2 (93). Shh secreted by early-born RGCs is also involved in the development of the ONH Pax2 positive cells, so that its conditional deletion from RGCs in ThyCre Shh null/floxed mice is associated with reduced number of axons exiting the eye and misrouting in the subretinal space (68). The fact that a good number of axons are still exiting the eye in these mice may indicate that to a certain extent pioneer RGC axons are able to exit the eye without attractive cues, only based on optic fissure vicinity (optic fissure formation is Bmp7 dependent, unaffected in these mice). As RGCs do not secrete Shh, the differentiation of the ONH cells is impaired and they do not provide attractive cues for the later born RGC axons, maybe counting for the misrouting observed. From this we can infer that pioneer RGC axons enter the optic stalk physically guided by the closing optic fissure and secrete Shh to make the ONH produce attractive cues for the later born RGCs.




5.8.3 Repulsive cues

The change in growth direction at the ONH requires reverse signaling from attraction to repulsion so that axons growing towards the optic disc do not pass over it attracted by the cues on its opposite edge, but stop and enter through its center in the optic stalk. Fasciculation on other L1CAM expressing RGC axons coming from the opposite side of the retina must also be avoided otherwise axons are misrouted from one half of the retina to the other (27). Expression of inhibitory molecules such as EphA4, EphBs, Bmpr1b and NrCAM counteracts excessive fasciculation or axon stray in the subretinal space (29, 268).

The response of RGC axons to Netrin1 can be reversed based on the concomitant signals that regulate the intracellular level of cAMP or on expression of different Netrin1 receptors (187, 269). Laminin1, abundant in the basal lamina of the retinal vitreal side and closing optic fissure margins (91), binds to beta1 integrin receptors and blocks the cAMP increase induced by Netrin1 in RGCs thus changing Netrin1 attraction to repulsion (32, 262). By this mechanism, axons are guided away from the vitreal cavity and the optic fissure lumen and towards the intercellular spaces of the optic stalk neuroepithelium where laminin is absent and Netrin1 maintains its attractive effect (Figure 3, neuron represented in orange).





5.9 Traveling along the optic stalk



5.9.1 Physical substrate

In the optic stalk, RGC axons grow mostly in the ventral part, between non-neuronal cells with processes enwrapping the axon bundles (256). These cells are differentiated from vOS precursors or migrated from the diencephalon, as is the case for oligodendrocytes (118). Small separated bundles travelling between the neuroepithelial cells as well as independent growth cones are seen at the early stages, whereas later the optic stalk is occupied by compact axon fascicles with intermingled astrocyte precursor cells (112, 270).




5.9.2 Attractive cues

Later born axons fasciculate on the more mature ones in tight bundles (256) based on homophilic L1CAM interaction (243). Vax1 expression in the optic stalk and ventral diencephalon promotes growth cone progression from the ONH to the chiasm region (30). Transient retino-retinal projections were identified in multiple species including mice, projecting to the nasal retina (271). These misrouted axons probably come from the chiasm region and wrongly fasciculate with the fibers from the contralateral optic stalk.




5.9.3 Repulsive cues

While traveling through the optic stalk, RGC axons have to be prevented from straying away in the surrounding tissues. Netrin1 expression extends from the ONH cells to the OS neuroepithelium displaced peripherally by the incoming nerve fibers and has a repulsive effect thus keeping the axons in the center of the OS (248). Growth promoting Dcc receptor expression in newly born RGCs is switched to Unc5c and DsCAM on the maturing RGCs (whose axons are already in the optic stalk), receptors that respond to Netrin1 signals by inducing growth cone collapse (182, 269). Another barrier is a ring of Sema5a expression at the basal side of the optic stalk neuro-epithelial cells with axon growth inhibition and growth cone collapse effect (272, 273). Repulsive Slit2 expression is also detectable in the OS at the time it is invaded by RGC axons and is thought to contribute to their restriction to the ventral side of the OS (256, 273).






6 Discussion

This review harmonizes recent findings with classic studies on optic cup and stalk morphogenesis and early RGC axon guidance. We summarized the key molecular determinants of the two processes, as proven by genetic, immunological or pharmacological manipulations in animal models and we also extracted a list of genes expressed in RGCs during the developmental period of early axon path finding, whose functions in this process remains to be explored in future studies. The reviewed data orients our current understanding of this developmental event towards new directions which will be exposed here along with some unanswered questions that we propose for this research field.

As it was described in the first paragraphs of this review, morphogenetic movements bring the precursor tissue of the optic nerve head from the ventral diencephalic midline region to its final position, in the center of the neural retina. Such movements have been documented by software based cell tracking in zebrafish embryos (274). The RGC pioneer axons will follow almost the same path, but in the opposite sense, on the way to their next target, the optic chiasm. Anatomical continuity on this path is maintained throughout the morphogenesis of the optic cup and stalk by means of the optic fissure formation. By the time the pioneer RGC axons approach the optic stalk entrance, the fissure margins grow towards each-other, come in contact and begin to fuse. There is a narrow slit left at the OC-OS junction which guides the pioneer axons into the optic stalk. OS cells have apical – basal polarity, such that certain permissive cues are present on the lumen side, while repulsive cues are sequestered in the lateral walls of the epithelium, restricting penetration (273). Pioneer RGCs differentiate in the dorso-central retina next to the ONH precursor domain. The spatial and temporal correlation between ONH morphogenesis and pioneer RGCs differentiation appears to be essential for the correct pathfinding of the RGC axons.

Common trigger signals for the two events are yet to be identified. As a first evidence, FGF-RA signaling seems to play a key role in linking optic cup/optic stalk boundary delineation and optic fissure formation and closure to RGC differentiation (62, 78, 88, 97, 242). However, future work is needed in order to establish whether RGC axon misrouting caused by disruption of FGF-RA signaling is the result of ONH development anomalies or of intrinsic RGC developmental defects.

The interaction between the developing ONH and the emerging RGC axons is bidirectional. In one direction, the ONH guides RGC axons based on chemotaxis and haptotaxis. Early born RGCs are able to respond to the signals coming from the ONH by expressing cell surface receptors and by activating transcription programs that promote axon growth and axon steering events. Axons of RGCs from Atoh7 null mice, kept alive by Bax knock-out, are unable to target the ONH and to exit the eye in spite of receiving the correct signals from the target (173). Recently, adult mouse Mueller glia were reprogrammed to neurogenic state in vitro by virus mediated expression of Atoh7 (275) and in vivo conditional expression of Brn3b, Islet1, Ascl1 and Atoh1 resulted in RGC-like neurons with morphological and electrophysiological RGC properties, which did not send axons to the ONH in spite of expressing many axon growth and guidance promoting genes (276). A potential future direction of research would be to also reprogram optic nerve astrocytes to secrete axon guidance molecules for the new RGC axons or to engineer the new RGCs to penetrate the adult lamina cribrosa, by uncovering and neutralizing the inhibitory cues. Another direction could be to simulate the physical properties of the closing optic fissure in order to promote haptotaxis based axon guidance. Experiments with spheroids of human stem cell-derived motor neurons showed their capacity to spontaneously assemble into an unidirectional fascicle when cultured next to a narrow channel (277). Simulating developing ONH environment locally may be also a solution for promoting RGC axonogenesis and survival in retinal organoids. Later born axons find their way to the ONH based on fasciculation on pioneer axons. In zebrafish retina, late born RGC axons cannot target the OD in the absence of early RGCs although the OD cues are present (278). This observation has two possible explanations: the canonical one is that pioneer axons actively find the ONH region and later born RGCs are guided passively so that they are not able to actively respond to ONH attractive cues but an alternative possibility would be that both pioneer and late born axons are guided passively to the ONH and only the position of the first RGCs next to the closing optic fissure enables them to exit the eye. The approaching margins of the optic fissure bringing the first axons in contact so that they can fasciculate may be enough for their growth out of the eye. For the RGC axons arriving at the optic disc after the optic fissure closed there is no physical path out of the eye, so that chemotaxis and fasciculation are become essential for axon guidance. Live imaging studies capturing the behavior of these later born axons at the optic disc are needed to confirm this hypothesis. Further studies involving desynchronizing optic fissure fusion and initiation of RGC differentiation or de-localizing the initial RGC differentiation spot could verify this later hypothesis.

In the other direction, RGCs also influence the ONH development. The reviewed studies on Shh secretion by RGCs and its role in ONH cells development as well as retinal precursor cell modulation indicate that RGCs actively influence the development of their path to the brain as well as the surrounding retina. More work in this direction should be done in order to find all the secreted molecules involved in this processes and their potential application in RGC regeneration strategies.

In summary, RGC axons follow a centripetal course within the inner most layer of the retina towards the optic disc and enter the optic stalk. In spite of the appearance of the mature optic nerve, RGC axons are not piercing through the wall of the eye, but they are gliding on a continuous path that is created during the morphogenesis of the optic nerve. They are guided by chemotaxis and haptotaxis cues provided by the developing optic cup and stalk and by fasciculation with their more mature neighbors. A profound understanding of the developmental events described in this review should encourage the perception of the eye not as a peripheral sensory organ that later connects with the brain, but as a continuous extension of the subcortical brain. The developing ventral diencephalon projects to the surface of the head to capture light stimuli and attracts back the RGC axons to receive the processed visual information.
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More than 40 retinal ganglion cell (RGC) subtypes have been categorized in mouse based on their morphologies, functions, and molecular features. Among these diverse subtypes, orientation-selective Jam2-expressing RGCs (J-RGCs) has two unique morphologic characteristics: the ventral-facing dendritic arbor and the OFF-sublaminae stratified terminal dendrites in the inner plexiform layer. Previously, we have discovered that T-box transcription factor T-brain 1 (Tbr1) is expressed in J-RGCs. We further found that Tbr1 is essential for the expression of Jam2, and Tbr1 regulates the formation and the dendritic morphogenesis of J-RGCs. However, Tbr1 begins to express in terminally differentiated RGCs around perinatal stage, suggesting that it is unlikely involved in the initial fate determination for J-RGC and other upstream transcription factors must control Tbr1 expression and J-RGC formation. Using the Cleavage Under Targets and Tagmentation technique, we discovered that Pou4f1 binds to Tbr1 on the evolutionary conserved exon 6 and an intergenic region downstream of the 3’UTR, and on a region flanking the promoter and the first exon of Jam2. We showed that Pou4f1 is required for the expression of Tbr1 and Jam2, indicating Pou4f1 as a direct upstream regulator of Tbr1 and Jam2. Most interestingly, the Pou4f1-bound element in exon 6 of Tbr1 possesses high-level enhancer activity, capable of directing reporter gene expression in J-RGCs. Together, these data revealed a Pou4f1-Tbr1-Jam2 genetic hierarchy as a critical pathway in the formation of J-RGC subtype.
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Introduction

Retinal ganglion cells (RGCs) are the output neurons of the retina that collectively transmit visual information to the brain. In a mature mouse retina, researchers have identified over 40 subtypes of RGCs, categorized by their unique morphology, function, and molecular profile. The discovery of these diverse RGC subtypes has led to intensive research using mouse retina as a model system to better understand the molecular and cellular mechanisms that govern the specification, maturation, and terminal differentiation of various neuronal subtypes in the central nervous system during development (1–13). Each of these RGC subtypes harbors a complex yet stereotypic dendritic morphology that synapses with bipolar and amacrine cells in precise laminar positions in the inner plexiform layer (IPL), and an axon that projects to multiple areas in the brain. RGCs function as an information processing hub and relay between the retina and the brain to transduce complex visual information (14, 15). Although a number of transcription factors (TFs) have been identified as key developmental regulators for initial RGC specification (16–20), little is known about the cellular and molecular mechanisms controlling the differentiation and maturation of RGC subtypes during development.

Previously, we and others have discovered that the expression of T-box transcription factor Tbr1 marks 2 morphologically distinct groups of RGCs (symmetrical and asymmetrical), which share similar dendritic stratification positions in the IPL and project to the dorsal lateral geniculate nuclei and superior colliculus (5, 21). Through loss-of-function studies, we found that Tbr1 is required for the expression of Jam2, and is essential for the formation for most of these RGC subtypes. The few surviving Tbr1-deleted RGCs develop abnormal and mis stratified dendrites. By gain-of-function studies, we found that ectopically expressing Tbr1 alone is sufficient to activate Jam2 and instruct M4-ipRGCs to alter their dendritic branching morphogenesis (5). While Tbr1’s function in the development and maturation of J-RGCs has been well studied, how J-RGCs arise from naïve RGCs remains illusive. Based on birth dating data (the time their progenitor cells exit cell cycle), Tbr1-expressing RGCs are born between E12 and E15, indicating that they are early born RGCs. However, lineage tracing using tamoxifen-treated Tbr1CreERT2:Ai9 embryos at different time points showed that Tbr1-expressing cells in E14.5 developmental retinas do not give rise to Tbr1-expressing RGCs in mature retinas (5), suggesting the presence of other transcription factors upstream of Tbr1 responsible for fate determination of Tbr1-expressing J-RGCs.

We hypothesized Pou4f1 is such an early TF because when Jam2CreERT2 was genetically intersected with Pou4f1CKOAP/+ at E14.5 retinas, J-RGC was the predominant RGC subtype that appeared in mature retina, and Tbr1-expressing RGCs are expressed exclusively in Pou4f1-expressing RGCs in adult retinas (5). These observations suggested a lineal relationship between Pou4f1 and Tbr1. Pou4f1, a class IV POU domain-containing transcription factor, is expressed in differentiated RGCs from early developing retinas onward (22, 23). Loss-of-function studies have shown that Pou4f1 is mainly involved in RGC dendritic morphogenesis, although a modest reduction of RGC number (~30%) has also been observed in Pou4f1CKOAP/KO retina (24–28). Furthermore, Pou4f1 is sufficient to replace Pou4f2 in driving RGC developmental programs (29), and Pou4f1 was found to share synergistic functions with Pou4f2 in RGC development (27), suggesting that Pou4f1 can activate key regulatory genes for RGC differentiation and functions and part of these activities can be compensated by Pou4f2 in normal developmental program. Several recent studies have uncovered a number of Pou4f1 target genes in retina at P3, including transcription factors, transmembrane and intracellular structural molecules involved in RGC differentiation (26, 30, 31). Additionally, Pou4f1 was found to play a role in regulating the formation of contralateral RGCs by activating a subset of genes involved in axonal projection patterns (32). These data prompted us to investigate whether Pou4f1 plays a regulatory role on Tbr1-Jam2 expression and J-RGC formation (Figure 1B). In this report, we found that Pou4f1 is a direct upstream regulator for Tbr1 and Jam2 expression and J-RGC formation, establishing an epistatic relationship between Pou4f1, Tbr1, and Jam2 in the formation of J-RGCs.




Figure 1 | CUT&Tag sequencing reveals Pou4f1 occupancy in E16.5 RGCs. (A) Average density profiles (top) and heatmaps (bottom) showing Pou4f1 and IgG CUT&Tag signals in relation to transcription start site (TSS) ( ± 3 kb). (B) Motif enrichment analysis by HOMER of Pou4f1-bound elements displayed in (A). (C) Motif enrichment analysis by HOMER of Pou4f1-bound elements in panel (A) intersected with RGC-specific open chromatin regions. (D) Reactome pathway analysis of genes associated with RGC-specific Pou4f1-bound elements in panel (C). The top 10 most enriched reactome gene terms are presented using a dot-plot. (E) KEGG pathway analysis of genes associated with RGC-specific Pou4f1-bound elements in panel (C). The top 10 most enriched KEGG terms are displayed using a dot-plot. X-axis indicates the gene ratio in the term, and the Y-axis indicates the category term. The size of the dots represents the number of genes found in each category term. The color of the dots represents the adjusted P value.







Materials and methods




Animals

The generation and genotyping of Six3-Cre, Tbr1TauGFP-IRESCreERT2 (Tbr1tGFP), Ai9, Jam2CreER, and Pou4f1CKOAP mice were described previously (5, 9, 24, 33, 34). All mice were maintained on C57BL6/129 mixed backgrounds. Mouse lines of either sex at various ages were used. Pre-weaned animals were housed with their mother while weaned animals were housed in groups of no more than 5 in individually ventilated cages. All animal procedures followed the US Public Health Service Policy on Humane Care and Use of Laboratory Animals and were approved by the Animal Welfare Committee at The University of Texas Health Science Center at Houston (AWC-21-0102).





Immunohistochemical analysis

Flat-mounted retinas were fixed with 4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA), embedded in paraffin or OCT, and sectioned into 20 μm. Retinal sections or flat-mounted retinas were fixed with 4% PFA, then incubated with the primary antibodies for 3 days at 4°C. Primary antibodies used were chicken anti-GFP (1/1000 dilution, Cat #A10262, Thermo Fisher) and rabbit anti-Pou4f1 (1/500 dilution, Cat #ab245230, Abcam, Waltham, MA). Secondary antibodies conjugated with Alexa-488 and -555 (Life Technologies, Carlsbad, CA) were used in 1:800 dilution. DAPI (2.5 µg/ml, #D1306; Thermo Fisher Scientific, Waltham, MA) was used to stain nuclei. Images were captured using Zeiss LSM 780 or Zeiss LSM 800 confocal microscopes (Carl Zeiss, Thornwood, NY) and exported as TIFF files into Adobe Photoshop (Adobe Systems, San Jose, CA). Cell counting was conducted using the cell counter plugin of NIH ImageJ.





Alkaline phosphatase staining

Alkaline phosphatase (AP) staining was conducted as previously described with minor modifications (24, 35). Whole eyeballs were fixed with 10% neutrally buffered formalin for 5 minutes. The retinas were removed and flat mounted on a piece of nitrocellulose membrane, post-fixed for 10 minutes at room temperature, washed twice in phosphate-buffered saline (PBS), and heated in PBS for 30 minutes in 65°C water bath to inactivate endogenous AP activity. AP staining was performed in AP staining solution (0.1 M Tris/pH 9.5, 0.1 M NaCl, 50 mM MgCl2, 0.34 g/ml p-nitroblue tetrazolium chloride, and 0.175 g/ml 5-bromo-4-chloro-3-indolyl phosphate) for 24-48 hours at room temperature with gentle shaking until dense color was developed in the dendrites, somas, and axons. After staining, retinas were washed 3 times for 5 minutes in PBS, post-fixed in PBS with 4% PFA briefly, dehydrated through an ethanol series, and then cleared with 2:1 benzyl benzoate/benzyl alcohol. Montages of the whole retina were acquired on a Zeiss Axio Imager 2 microscope equipped with a motorized xyz drive (Carl Zeiss, White Plains, NY).





RNAscope in situ hybridization

ISH was performed using RNAscope technology with minor modifications (Advanced Cell Diagnostics, Minneapolis, MN) (36). Briefly, 9 µm paraffin or 10 μm cryo-sections mounted on Superfrost™ Plus glass slides were subjected to RNAscope 2.5 HD Detection Reagents-Brown kit (#322310) following manufacturer’s protocols. The procedure involved a 5-minute simmering in antigen retrieval reagents followed by RNAscope protease III for 30 minutes at 40°C. After washing twice in H2O, the sections were hybridized with RNAscope in situ probes for 2 hours at 40°C and processed according to the manufacturer’s protocols. According to ACD’s instructions, each mRNA molecule hybridized to a probe appears as a separate dot. The brown signal was examined and collected using an Olympus IX-70 inverted microscope. The probes used in this study was mouse Jam2-C1 (#467321).





Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling assay

An in situ cell death detection kit (Roche, Pleasanton, CA) was used for the TUNEL assay. DAPI (2.5 µg/ml) was used for nuclei staining.





In vivo electroporation

Mice aged 2 to 3 months were anesthetized with a combination of ketamine and xylazine (94/5 mg/kg; IP). A small incision was created in the sclera with a 30-gauge needle. One µl of DNA solution (0.5-2 µg/µl) in 0.1x PBS containing 0.05% fast green was injected into vitreous using 34-gauge NanoFil® system (World Precision Instruments, Sarasota, FL). After DNA injection, tweezer-w/horseshoe electrode (#CUY675P3, Bulldog Bio, Portsmouth, NH) was briefly soaked in PBS, then placed to hold the eyeball. Four 30 V square pulses (50 ms duration, 950 ms interval) were delivered via a square pulse electroporator NEPA21 (NEPAGENE, Chiba, Japan).





CUT&Tag sequencing and data analysis

Four retinas isolated from wildtype mouse embryos at E16.5 were pooled, and then dissociated using papain dissociation system (#LK003150, Worthington Biochemical Corporation, Lakewood, NJ). The Cleavage Under Targets and Tagmentation (CUT&Tag) library was prepared using CUT&TAG-IT Assay Kit (#53160, Active Motif, Carlsbad, CA) following manufacturer protocol. Briefly, dissociated cells were washed with 1X wash buffer. Cells were then bound to Concanavalin A-coated magnetic beads. One μg of primary antibodies was applied to cell-bound beads and incubated overnight at 4°C. Primary antibodies used for the precipitation were: rabbit anti-Pou4f1 (#ab245230, Abcam, Waltham, MA), rabbit anti-Histone H3K9AC (#39017, Active Motif) and Rabbit IgG (#13-0042, EpiCypher, Durham, NC). Cell-bound beads were incubated with guinea pig anti-rabbit secondary antibody in Dig-Wash Buffer, subsequently with pA-Tn5 transposase in DIG-300 buffer at room temperature for 1 hour and then incubated in Tagmentation buffer at 37°C for 1.5 hours. Tagmented DNA fragments were extracted by incubating in PK buffer (16 mM EDTA, 0.1% SDS and 83.6 µg/ml Proteinase K) at 55°C for 1 hour, purified with the spin column, and amplified using indexed primers. The final libraries were submitted to Cancer Genomics Center at The University of Texas Health Science Center at Houston. The concentrations of the libraries were examined by Qubit 1xdsDNA HS Assay Kit (#Q33231, Thermo Fisher Scientific, Waltham, MA). The quality of the final libraries was examined using Agilent High Sensitivity DNA Kit (#5067-4626) by Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA), and the library concentrations were determined by qPCR using Collibri Library Quantification kit (#A38524500, Thermo Fisher Scientific). The libraries were pooled evenly and subjected to the paired-end 75-cycle sequencing on an Illumina NextSeq 550 System using High Output Kit v2.5 (#20024907, Illumina, San Diego, CA).

To analyze the CUT&Tag-seq data, sequence reads were trimmed free of adaptor sequences and masked for low-complexity or low-quality sequences, then mapped to the mouse mm10 reference genome using Bowtie2 (v2.4.5) software (37). Peak calling was performed by SEACR under relaxed mode (38). Two independent replicates using anti-Pou4f1 antibody and rabbit IgG, respectively, were analyzed using SEACR, and plotCorrelation (deepTools) was used to analyze the sample correlations via Pearson method (39). Data in Figure 1 with the CUT&Tag-seq peaks that intersect with E16.5 scATAC-seq RGC-enriched peaks were conducted using bedtools (v2.30.0) (40). The raw datasets for each sample have been deposited in NCBI (Geo dataset: GSE221209). Enrichment analysis was conducted on Pou4f1-bound peaks using the enrichPathway and enrichKEGG tools, which are based on the REACTOME and KEGG databases, respectively (41, 42). Detailed information, including codes and vignettes, can be found in GitHub at https://github.com/YuLab-SMU/biomedical-knowledge-mining-book.





Chromatin immunoprecipitation and quantitative PCR

ChIP assays were performed as previously described (43), with minimal modifications. Retinas were isolated from E16.5 wildtype embryos and were cross-linked with 1% formaldehyde for 10 minutes at RT, stopped by 0.125 M glycine and then homogenized in the cell lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP40, and proteinase inhibitors). Nuclei were collected and resuspended in the nuclei lysis buffer (50 mM Tris-HCl pH 8.1, 10 mM EDTA, 1% SDS, and proteinase inhibitors). Chromatin was sheared by a Diagenode Bioruptor Plus Sonication system (Diagenode, Denville, NJ). Fragmented chromatin was precleared with 2.5 µg of normal rabbit IgG, then incubated overnight with 1 µg of rabbit anti-Pou4f1 antibody (#ab245230, Abcam) or normal rabbit IgG (#13-0042, EpiCypher). Antibody-bound chromatin complex was precipitated with salmon sperm DNA/Protein A agarose (EMD Millipore, Burlington, MA), then washed sequentially with RIPA (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 0.1% SDS, 0.5% Deoxycholate, 1% NP40, and 1 mM EDTA), high-salt buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 0.1% SDS, 0.5% Deoxycholate, 1% NP40, and 1 mM EDTA), LiCl wash buffer (50 mM Tris-HCl pH 8.0, 1 mM EDTA, 250 mM LiCl, 1% NP40, and 0.5% Deoxycholate) and TE for 10 minutes each at 4°C. Cross-linking was reversed at 65°C overnight. DNA was extracted by phenol/chloroform, precipitated with ethanol, and dissolved in 30 µl of water. Three µl of DNA solution was used for one real-time, quantitative PCR (qPCR) reaction. To analyze specific Pou4f1-bound DNA, we performed qPCR using the CFX Connect Real-Time PCR Detection System with iTaq Universal SYBR Green SuperMix (#1725122, Bio-Rad, Hercules, CA). The qPCR primers are described below.


 







Statistical analysis

All data are presented as mean ± standard deviation for each genotype. For all comparisons between ChIP-qPCR with anti-Pou4f1 antibody and normal IgG, a two-tailed, two-sample Student’s t-test in Excel (Microsoft, Redmond, WA) was used for measurements. Results were considered significant when P<0.05.






Results




CUT&Tag analysis uncovered Pou4f1-bound DNA elements in E16.5 retinas

To explore the potential role of Pou4f1 in RGC differentiation and subtype formation, we first performed a CUT&Tag sequencing analysis using a rabbit anti-Pou4f1 antibody (Supplementary Figures 1A–C) and mouse embryonic 16.5 (E16.5) retinal cells to generate barcoded PCR libraries that are enriched for Pou4f1-mediated binding (64). In parallel, rabbit IgG was used as a negative control for peak calling analysis, and rabbit anti-H3K9AC antibody was used to mark active enhancers and promoters. The libraries were subsequently sequenced to obtain pair-ended (PE75) sequencing data for downstream bioinformatics analysis (detailed described in the Material and Methods). From a set of replicate experiments (Figure 1A), we found the two datasets are highly correlated on their mapped read counts across the genome (Pearson correlation coefficient = 0.8, Supplementary Figure 1D), indicating that the data are reproducible. Using SEACR peak calling method, which was designed for calling peak from sparse background (38), we identified 8,032 Pou4f1-enriched regions/peaks (Supplementary Table 1). These peaks are distributed mainly within and flanking the gene bodies, including promoters, exons, and introns, and to a lesser extent in the intergenic regions (upper panel, Figure 1B).

The high peak number was unlikely caused by experimental variation because the datasets from replicate experiments were highly correlated. The top enriched DNA-binding motif identified by HOMER was consistent with known Pou4f1-binding sites, although the motif was only identified in 9.8% of all targets examined (lower panel in Figure 1B). These data suggest that Pou4f1 is likely involved in a wide array of cellular processes during RGC differentiation, and Pou4f1 may bind to many of these elements indirectly through physically interacting with other factors. Consistent with this notion, when this long list of 8,032 binding sites was intersected with an RGC-specific open chromatin dataset identified by a multiomic snRNA-seq coupled with snATAC-seq on E16.5 retinas (Kiyama and Mao, unpublished results), we found that the number of Pou4f1-bound open chromatin regions was reduced to 2604 (Supplementary Table 2, hereinafter labeled as “Pou4f1-BOC” standing for Pou4f1-bound open chromatin), and HOMER motif analysis on this shorter list identified Pit1/Oct1-binding motif as the highest matched motif distributed in 47.8% of these targets (Figure 1C, upper panel). Because the predicted Pit1-binding site and Pou4f1 binding site are highly similar (Supplementary Figure 1E), confirming these are bona fide Pou4f1-bound elements in E16.5 RGCs.

Next, we used ChiPseeker R package to map and annotate Pou4f1-BOC associated genes, and then used the enrichPathway and enrichKEGG functions of clusterProfiler R package to identify biological processes and functional categories of genes with Pou4f1-BOC sites (41, 44). The enrichment pathway analysis of genes with Pou4f1-BOC retrieved biological processes involved in neuronal system, synapse transmission, and axonal guidance (Figure 1D). By KEGG analysis, Pou4f1-BOC were found near genes involved in several signaling pathways, axonal guidance, and synapses (Figure 1E). Together, these analyses exposed the previously unknown, complex functions of Pou4f1 in RGC differentiation and function.





Pou4f1 occupies DNA elements in close proximity to genes critical for RGC development

We next compared the genes containing Pou4f1-bound sites with genes that are enriched in RGC clusters from single cell RNA-seq data (Supplementary Table 3, and unpublished snRNA-seq data from Kiyama and Mao). As expected, we found more than half of the genes enriched in RGC clusters harbored Pou4f1 peaks in or near their gene bodies (Figure 2A). Interestingly, we also found many Pou4f1 peaks located in genes enriched in non-RGC cells, including naïve retinal progenitor cell (nRPC) and transitional RPCs (Supplementary Figure 2). To quantitatively validate Pou4f1 CUT&Tag dataset, we performed ChIP-qPCR analysis on a small, selective subset of the Pou4f1-targeted elements that contain predicted Pou4f1-binding motif, and found that ChIP-qPCR analysis were consistent with the CUT&Tag dataset (Figure 2B). To better visualize some of the key target genes in retinas and, hence, the inferred functions of Pou4f1 through these targets, a simplified gene regulatory network (GRN) for RGC development was created, according to the relevant literature (5, 7, 8, 17, 19, 20, 22–24, 45–47), and a number of Pou4f1-bound genes encoded for transcription factors and well-known RGC differentiation markers were color-coded and mapped to GRN at different hierarchical levels according to their roles in development (Figure 2C and Supplementary Figure 2) (4, 48–51). This simplified Pou4f1-interacted GRN revealed many previously defined functions of Pou4f1, such as a well-established auto-regulatory function of Pou4f1 (52), and its direct involvement in regulating RGC marker expression and subtype formation. It also uncovered a possible feedback regulatory loop through which Pou4f1 controls the upstream regulators, such as Atoh7, Pou4f2, and Isl1, which require further investigation. In the next sections, we focused on elucidating Pou4f1’s function on RGC subtype formation.




Figure 2 | Pou4f1 binds to key regulators for RGC development. (A) Venn diagram depicting the overlap of genes associated with Pou4f1-bound elements displayed in Figure 1B and RGC-enriched genes from our E16.5 scRNA-seq dataset. (B) Quantitative ChIP-PCR validation of a selective subset of Pou4f1-bound peaks. (C) Diagram illustrating the known genetic regulatory network (GRN) in RGC development. Genes are categorized according to their involvement in development from retinal progenitor cells (RPCs) to matured RGCs. Genes harboring Pou4f1-enriched peaks near their gene bodies are highlighted in colored boxes and indicated with bold letter. The known GRN hierarchic edges are indicated with black or gray arrow and black dotted lines, and the novel GRN hierarchic edges are indicated with red lines.







Pou4f1 is required for the expression of Tbr1-Jam2 and the differentiation of J-RGCs

Among the 8,032 enriched regions, we first focused on the Tbr1-Jam2 regulatory pathway. We found that Pou4f1-bound regions are enriched in both Tbr1 and Jam2 loci (Figure 3A). In Tbr1 locus, we detected two Pou4f1 peaks, including one in exon 6 (chr2: 61811552-61812426) and one in a region slightly downstream to the 3’ UTR (chr2: 61815651-61816336) (Figure 3A). Interestingly, both regions encompassed several DNase hypersensitive sites across ENCODE samples, which were validated by high H3K4me3, H3K27ac and/or CTCF ChIP-seq signals and, hence, designated as candidate Cis-Regulatory Elements (cCREs; ENCODE Accession: EM10E0697073 to EM100697075 and EM10E0697083–EM10E0697085 respectively) (53), suggesting these regions may serve as enhancers for Tbr1 transcription activation. In Jam2 locus, we detected one Pou4f1-bound peak flanking the promoter and first exon (chr16: 84774016-84775100) (Figure 3A). Similarly, three cCREs (EM10E0627570 to EM10E0627572) are found encompassed in this region, implicating that this region is critical for Jam2 expression. Coincidently, a Tbr1 ChIP-seq experiment on P2 mouse cortical neurons has also identified a Tbr1-bound element in this region (chr16:84774081- 84774541) (54). In addition, Pou4f1 peak was also found in Tbr1 downstream gene Sorcs3 locus (promoter and exon 1: chr19:48205984-48206850), partially overlapped with a Tbr1-bound element found in P2 cortical neurons (chr19:48,205,029-48,206,269) (Supplementary Figure 2) (54). Because Tbr1 is exclusively expressed in Pou4f1-expressing RGCs and is essential for the formation and dendritic morphogenesis of J-RGCs (Figure 3B) (5, 21), and Sorcs3 has been shown to be an effector gene involved in dendritic morphogenesis for J-RGCs (21), raising a possibility that Pou4f1 is an upstream regulator for Tbr1-Jam2 expression and Tbr1-expressing J-RGCs (Figure 3C).




Figure 3 | Pou4f1 is essential for Tbr1 expression. (A) Pou4f1-enriched CUT&Tag peaks found within and near Tbr1 and Jam2 genomic loci. (B) Schematic illustration showing the relationship of Tbr1+ RGCs and Pou4f1+ RGCs. (C) Transcriptional cascade of Pou4f1, Tbr1 and Jam2 hypothesized by Pou4f1 CUT&Tag sequencing analysis. (D, E) Flat-mounted immunostaining using anti-GFP (red) and Pou4f1 (green) antibodies on Tbr1tGFP/+ (D) and Tbr1tGFP/+; Pou4f1CKOAP/CKOAP; Six3-Cre (E) retinas. Scale bar: 100 μm.



To explore whether Pou4f1 plays a role in regulating Tbr1 and Jam2 expression, we bred Six3-Cre (an embryonic retina-specific Cre line) with Pou4f1CKOAP/CKOAP to delete Pou4f1 in early embryonic retinas. We first generated P7 Six3- Cre : Tbr1TauGFP/+:Pou4f1CKOAP/CKOAP animals and their Tbr1TauGFP/+ littermates as positive controls, and conducted immunofluorescent (IF) staining for Pou4f1 and GFP. We found that the number of GFP-expressing Tbr1-expressing RGCs was significantly down- regulated in Six3-Cre : Tbr1TauGFP/+:Pou4f1CKOAP/CKOAP retinas compared to Tbr1TauGFP/+ control retinas (459 in control vs. 58 in mutant; compared Figures 3D, E), suggesting that Pou4f1 is essential for the formation of a large fraction of Tbr1+ RGCs. In contrast to this finding, a previous study has shown a 45% down-regulation of Tbr1 expression levels in P3 Pou4f1-deleted cells (Supplementary Figure 3A). This discrepancy prompted us to investigate the presence of Tbr1-expressing RGCs in Pou4f1-deleted retinas compared to wildtype retinas. We conducted immunofluorescence (IF) staining for Tbr1 expression in P7 Pou4f1CKOAP/+ and Six3-Cre : Pou4f1CKOAP/CKOAP retinas and observed a decrease in the number of Tbr1-expressing RGCs in Six3-Cre : Pou4f1CKOAP/CKOAP retinas, although the difference was not as significant as that revealed by Tbr1-driven GFP expression (418 in control vs. 207 in mutant; see Supplementary Figures 3B, C). These findings suggest that Pou4f1 is likely involved in the formation of Tbr1-expressing RGCs as well as in regulating Tbr1 expression levels.

Because Tbr1 is essential for Jam2 expression and the formation of Jam2-expressing J-RGCs, we further bred Six3-Cre : Tbr1f/+:Pou4f1CKOAP/+ with Tbr1f/f:Pou4f1CKOAP/CKOAP to generate Tbr1f/+:Pou4f1CKOAP/+ (WT control), Six3-Cre : Tbr1f/f, Six3-Cre : Pou4f1CKOAP/CKOAP and Six3-Cre : Tbr1f/f:Pou4f1CKOAP/CKOAP animals (Figure 4A), and then conducted RNAscope in situ hybridization (ISH) for Jam2 expression. Consistently, we found that Jam2 expression is down-regulated to basal levels in both Six3-Cre : Tbr1f/f and Six3-Cre : Pou4f1CKOAP/CKOAP retinal sections compared to the control (WT: 28.33 ± 2.08, Six3-Cre:Tbr1f/f: 6.00 ± 1.00, Six3-Cre:Pou4f1CKOAP/CKOAP: 6.66 ± 0.57, Six3-Cre:Tbr1f/f:Pou4f1CKOAP/CKOAP :1.33 ± 0.57; Figures 4B–F). Furthermore, in Six3-Cre : Tbr1f/f:Pou4f1CKOAP/CKOAP double mutant retinas, Jam2 expression seemed to be slightly reduced in comparison to Tbr1- or Pou4f1-single mutant, although the reduction is relatively modest (Figures 4B–F).




Figure 4 | Pou4f1 is essential for Jam2 expression. (A) Schematic illustration showing Tbr1-flox, Pou4f1-CKOAP and Tbr1-Pou4f1-double CKO by Six3-Cre. (B-E) In situ hybridization (ISH) of Jam2 on P7 wildtype (B), Tbr1f/f; Six3-Cre (C), Pou4f1CKOAP/CKOAP; Six3-Cre (D) and Tbr1f/f; Pou4f1CKOAP/CKOAP; Six3-Cre (E) retinal sections. (B’-E’) ISH images of the ventral part of the retinas. (B’’-E’’) ISH images of the dorsal part of retinas. (F) Quantification and statistical analysis of ISH data in panels (B-E). Scale bar: 200 μm.



The down-regulation of Tbr1 and Jam2 expression in Pou4f1-mutant retinas suggested that Pou4f1 is required for the expression of Tbr1 and Jam2 and the formation of J-RGCs. To directly test this idea, we used genetic sparse labeling. We bred Jam2CreER : Pou4f1CKOAP/+ mice with Pou4f1CKOAP/CKOAP mice and induced Cre activity at embryonic day 18.5 (E18.5) by intraperitoneal injection of tamoxifen (Figure 5A). We isolated retinas from P30 Jam2CreER : Pou4f1CKOAP/+ and Jam2CreER : Pou4f1CKOAP/CKOAP littermates for alkaline phosphatase (AP) staining. Consistent with the IF and ISH data, we found a significant reduction in the number of J-RGCs in Pou4f1-mutant retinas compared to controls (control: 18.75 ± 6.4, mutant: 8.00 ± 2.16, P = 0.04; Figures 5B, C). Furthermore, to determine whether Pou4f1 deletion leads to cell death in embryonic retinas, we performed a TUNEL assay on E18.5 wildtype and Pou4f1del/del retinal sections and observed TUNEL signal dispersed in the ganglion cell layer (GCL) throughout the peripheral and central retina (Supplementary Figures 4A, B). A 1.54-fold increase in TUNEL+ cells was detected in the GCL of Pou4f1del/del retina (28.17 ± 9.37; see Supplementary Figures 4B, 6D) compared to wildtype (18.33 ± 7.97; see Supplementary Figures 4A, C). Taken together, these data substantiate our hypothesis that the Pou4f1-Tbr1-Jam2 genetic hierarchy is the primary pathway for J-RGC subtype development.




Figure 5 | Pou4f1 is essential for J-RGC formation. (A) Schematic illustration of Pou4f1 knockout by Jam2CreER. (B, C) AP staining on Jam2CreER; Pou4f1CKOAP/+ (B) and Jam2CreER; Pou4f1CKOAP/CKOAP (C) flat-mounted retinas.







Pou4f1-bound elements possess subtype RGC-specific enhancer activity

Differential gene expression is preceded and marked by the interaction between key TFs and enhancer elements to safeguard precise spatiotemporal expression patterns and quantitative dynamics of target genes. The binding of Pou4f1 to Tbr1 and Jam2 loci at E16.5 preceded the onset of Tbr1 and Jam2 expression in RGCs yet Pou4f1 is required for Tbr1 and Jam2 expression at postnatal stages suggested that Pou4f1-bound elements identified in E16.5 developing RGCs may serve as subtype-specific enhancer elements in mature RGCs. To test this idea, we selected a subset of Pou4f1-bound elements near genes with known functions in RGC subtype formation and cloned these fragments upstream to a HSP68-basal promoter fused to CreERT2-pA reporter construct (Figure 6A). A reporter construct without any Pou4f1-bound element was used as a negative control. We injected these constructs into adult Ai9 mouse retinas followed by a mild electroporation procedure and tamoxifen induction, and then isolated retinas 7 days later for IF staining for Pou4f1 and Ai9 expression analysis (Figure 6B).




Figure 6 | Pou4f1-bound elements as functional enhancers in RGC subtypes. (A) Schematic illustration showing the reporter system driven by Pou4f1-mediating enhancer. (B) Experimental strategy of enhancer assay. (C, D) Ai9 reporter expression driven by Pou4f1Enh-Tbr1exon6HSP68p-CreERT2 reporter (C) or negative control construct (HSP68p-CreERT2). (D) Ai9 and Pou4f1 co-expressing RGCs were indicated with white arrowheads; Ai9+ cells without Pou4f1 expression were indicated with yellow arrowheads. (E) Summary of enhancers assay. (F) Representative AP-stained image with Pou4f1Enh-Tbr1exon6HSP68p-CreERT2 reporter construct. (G) The fraction of cell types driven by Pou4f1Enh-Tbr1exonHSP68p-CreERT2 reporter and the negative control construct (HSP68p-CreERT2). Scale bars: 20 µm in (C, D) and 100 µm in (F).



In the retinas electroporated with Pou4f1enh-Tbr1exon-HSP68p-CreERT2 construct, 84.6% of the Ai9+ cells were Pou4f1+ RGCs (Figures 6C, E and Supplementary Figure 5A); whereas in retinas electroporated with control HSP68p-CreERT2 construct, only 35% of the Ai9+ cells were Pou4f1+ RGCs (Figures 6D, E). These data suggested that the 875 bp Pou4f1-bound element in the sixth exon of Tbr1 possessed high levels of enhancer activity directing reporter gene expression in Pou4f1-expressing RGCs. Similarly, a Pou4f1-bound element in the upstream region of Foxp1 also possessed high levels of enhancer activity in Pou4f1+ RGCs (Figure 6E and Supplementary Figure 5B). In addition, other elements were capable of directing expression of Ai9 reporter gene in Pou4f1+ RGCs, although the levels of correlation were not as high as the enhancer elements in Tbr1 exon 6 and Foxp1 upstream region (Figure 6E and Supplementary Figures 5C–F).

The Pou4f1-bound element in exon 6 of Tbr1 is located in a protein encoding region, which is conserved among species. It has been found to be part of a super-enhancer in mouse cortex (55). The highly correlated expression of Ai9+ signal and Pou4f1+ RGCs in Pou4f1enh-Tbr1exon-HSP68p-CreERT2 construct prompted us to test whether this element can function as subtype-specific enhancer. To test this, we injected Pou4f1enh-Tbr1exon-HSP68p-CreERT2 plasmid into adult Pou4f1CKOAP/+ retinas followed by electroporation and tamoxifen induction, and isolated retinas 7 days later for AP staining analysis (Figures 6A, B). In the retinas electroporated with Pou4f1enh-Tbr1exon-HSP68p-CreERT2 construct, approximately 36% of the AP+ RGCs appeared as J-RGCs (Figures 6F, G), whereas in retinas electroporated with negative control construct, less than 4% of the AP+ RGCs were J-RGCs (Figure 6G). These data indicated that this 875 bp element was capable of conferring high-level enhancer activity, not just in Pou4f1-expressing RGCs but also, preferentially, in J-RGCs.






Discussion

Pou4f1 expression in differentiated RGCs was identified nearly three decades ago. However, its functions in regulating RGC development were only partially revealed. In E16.5 mouse retinas, the number of Pou4f1-expressing RGCs accounts for approximately 5% of all retinal neurons (Supplementary Figure 1C, and Kiyama and Mao unpublished data), hindering the effort to uncover Pou4f1’s genome occupancy by conventional ChIP-seq analysis, which requires millions of cells as starting materials. With the advance of the CUT&Tag sequencing technique, we can bypass the need of large number of cells and have identified Pou4f1’s in vivo binding sites. By mapping to RGC-specific open chromatin, we can distinguish Pou4f1-bound elements in open and close chromatin, respectively, critical in understanding how Pou4f1 binds and acts on its various targets along development.




Extensive Pou4f1-to-chromatin interaction revealed by CUT&Tag

The extensive long list of 8,032 Pou4f1-bound elements identified in this study is less likely due to experimental artifact because: 1) the dataset was obtained from two highly correlated replicate experiments and Homer analysis revealed that the most enriched binding motif in our list matched well to Pou4f1 binding motif; and 2) the CUT&Tag procedure contains several washing steps using high salt concentration (150-300 mM NaCl), which is not favorable for weaker protein-DNA interaction. Additionally, we have uncovered many previously known Pou4f1 target genes and Pou4f1-bound elements.

On the list of Pou4f1-BOC, where the 8,032 Pou4f1-bound sites were intersected with RGC-specific open chromatin regions, we found that 47.18% of the Pou4f1-BOC elements contained predicted Pou-TF binding motif (Figure 1C). In contrast, within the other Pou4f1-bound elements mapped to the close chromatin regions in RGCs, only 3% contained predicted Pou-TF binding motif. This contrast suggested that Pou4f1 likely binds to its DNA targets through direct Pou4f1-to-DNA interaction when the targets are in an “open” chromatin state, and its binding to “close” chromatin structure is most likely through indirect interaction with other TFs and/or epigenetic factors. The factors involved in such indirect interaction are yet to be identified.

Another interesting feature revealed by Homer analysis on Pou4f1-BOC is that the predicted Isl1 binding motif was revealed as the second-most abundant motif (15.90%) (Figure 1C). It has been shown that Pou4f2 and Isl1 physically interact, forming a complex to exert its transcription activity in mouse RGCs, and the cognate Pou4-like factors and Isl1-like TFs genetically interact with each other in regulating touch neuron development in C. elegans (19, 56–58). Our data implicated that Isl1 may also interact with Pou4f1 in a similar manner to convey transcription activity on some of the RGC genes, although this notion remains to be determined.





Multiple roles of Pou4f1 in RGC transcription networks

Through genetic loss-of- and gain-of-function studies, the “Atoh7→Pou4f2/Isl1→Pou4f/other TFs” transcriptional cascade is well established as the main pathway for RGC development (16, 17, 19, 45, 56). Atoh7 operates in post-mitotic RPCs to provide competency state favored RGC production. Pou4f2 and Isl1 are immediate downstream regulators of Atoh7 working together in early RGCs, and Pou4f1 and other TFs function downstream of Pou4f2/Isl1 in differentiated RGCs to maintain RGC functional specificity, survival, and subtype identity. Our CUT&Tag data suggested Pou4f1 may have more complex functions in this simplified lineal cascade.

First, we found that Pou4f1 binds to many genes encoding upstream regulator in RGC transcriptional network, such as Pax6, Rax, Atoh7, Pou4f2, and Isl1 (Figure 2C). In many developmental systems, feedback loop is a common mechanism to control the numbers of cells produced through development into a mature tissue/organ composed of properly balanced cell types, and TFs are the intrinsic elements in the cells to carry out this task. Our finding of Pou4f1-bound elements in many upstream regulators, which are activated in RPCs but not expressed in RGCs, suggests a possible role of Pou4f1 in silencing some of these genes in RGCs to prevent their aberrant expression in the wrong cells, which may lead to unwanted effects. Consistent with this notion, Pou4f1 has been shown to bind to and repress the expression of Neurod1 and Neurod4 in embryonic trigeminal ganglia (52). Conversely, a single transcription factor is unlikely solely responsible for negative feedback regulation. For instance, removing Pou4f2 and Isl1 do not cause a dramatic difference in chromatin status in RGCs (47, 59). The functional significance of Pou4f1 binding to these upstream genes remains to be elucidated.

Second, we found extensive Pou4f1 occupancy on its own locus, suggesting an auto-regulatory loop by Pou4f1. Transcriptional autoregulation is a common mechanism to stabilize the production of the transcription factor in a steady state. It is not surprising that Pou4f1 regulates its own expression through development into mature RGCs because Pou4f1 is turned on early in differentiated RGCs and stays activated in approximately 70% of all mature RGCs. Pou4f1 has been shown to auto-regulate its own expression in several sensory systems (52, 60). Our finding in E16.5 retinas resonates well with these studies.

We have also identified Pou4f1-bound sites on many RGC-enriched genes (Supplementary Table 3). For example, Sncg, Syt13, Gap43, Rbpms, and many others, are bound by Pou4f1 (Supplementary Figure 6). In many of these RGC-enriched genes, Pou4f1-bound elements are located within the open chromatin, which are also marked with H3K9AC binding, suggesting that Pou4f1 functions as an activator in maintaining the expression of these genes in differentiated RGCs. Consistent with our finding, a recent study identified a Pou4f1 binding site (5’-ATCAATATTTCATCT-3’) in the promoter of Sncg, which is capable of conveying Pou4f1-dependent enhancer activity in HEK293 cells (32) and, not surprisingly, this element is located in our Pou4f1-bound element (Chr14:34374429-34375186) (Supplementary Table 1). Furthermore, deleting Pou4f1 in RGCs leads to profound defect in the morphologies and numeric number of RGCs (28) and down-regulation of Sncg (Takae and Mao, manuscript in preparation). In addition, several well-studied, Pou4f1-dependent RGC-enriched genes, including Rbfox1, Eml1, Hpca, Mapk10, Snap91, Tusc5, Elfn1, Grm4, Pnkd, Rims1, Nptx1, Nptx2, Sez6l2, Cdh4, and Tmem25, identified in post-natal day 3 retinas (31), are found to be direct targets of Pou4f1 in this study (Supplementary Figure 6). Most of the Pou4f1-bound sites in these loci are localized in the open chromatin structure (Supplementary Table 3), suggesting Pou4f1 has already functioned on trans-activating these genes as early as E16.5.





Pou4f1 involvement in RGC subtype formation

An intriguing finding in this study is the discovery of Pou4f1-bound elements within or in close proximity to several genes involved in RGC subtype development, including Tbr1, Jam2, Sorcs3, Foxp1, Satb1, Satb2, Irx1, Tbx20, and Zic1. Among these, we found that Tbr1 and Jam2 expression are significantly down-regulated in Pou4f1-mutant retinas, placing them as direct down-stream targets of Pou4f1 during RGC development. We also showed that Pou4f1-bound region in exon 6 of Tbr1 is capable of conferring high levels of enhancer activity in J-RGCs. Together, our data established a Pou4f1-Tbr1 transcriptional cascade important for the development of J-RGCs.

In an attempt to understand ipRGC development, we have identified Irx1 and Tbx20 as downstream effector genes of Tbr2 for the development of a subset of ipRGC subtypes. It is known that Pou4f1 is not expressed in ipRGCs (5, 7), and Irx1 expression has been shown to be up-regulated in Pou4f1-mutant retinas (61), suggesting that Pou4f1 may play a role in suppressing Irx1 expression level in fate-undetermined RGC precursors, a plausible mechanism used to ensure subtype segregation and divergence during RGC development (62).






Summary

The invention of novel genomic techniques has greatly advanced our understanding of how TFs and epigenetic factors function in vivo (63–65). We applied CUT&Tag- sequencing to identify genome occupancies of Pou4f1 in developing mouse retinas. A similar recent study has also identified genome occupancies for several key TFs, including Atoh7, Isl1, and Pou4f2, in RGC development (47, 59). The cross comparison between these target elements will further assist our understanding of how combinatorial TFs function during RGC differentiation. Moreover, the incorporation of these novel techniques into droplet-based, single-cell platforms to profile chromatin landscapes or TF occupancies in single cells will, inevitably, revolutionize how we view the interplay of different transcription factors and networks in time and space during development (66, 67).
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Congenital nystagmus is a condition where the eyes of patients oscillate, mostly horizontally, with a frequency of between 2 and 10 Hz. Historically, nystagmus is believed to be caused by a maladaptation of the oculomotor system and is thus considered a disease of the brain stem. However, we have recently shown that congenital nystagmus associated with congenital stationary night blindness is caused by synchronously oscillating retinal ganglion cells. In this perspective article, we discuss how some details of nystagmus can be accounted for by the retinal mechanism we propose.
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Introduction

One of the most amazing abilities of the human brain is its ability to stabilize our sensory input while moving to facilitate perception. For example, we stabilize images on the retina while moving around in our environment. This is accomplished by close interactions between the sensory input from the retina and processing in the accessory optic system (AOS), the vestibulo-cerebellar system, and the oculomotor neurons that drive the eye muscles (Figure 1).




Figure 1 | Schematic representation of the optokinetic reflex/vestibulo-ocular reflex system. For explanation see text. Modified figure by J. Pettigrew. OKR, optokinetic reflex; ON-dsGC, ON-direction-selective retinal ganglion cell; VOR, vestibulo-ocular reflex.



In general terms, the system works as follows: when we make a head movement, the vestibular hair cells detect this motion and drive the vestibular nucleus neurons. The oculomotor neurons, and eventually, the eye muscles then react, and compensatory eye movements occur. This loop is responsible for the vestibulo-ocular reflex (VOR). In addition, direction-selective circuits in the retina detect any remaining retinal image slip and send a signal via the ON-direction-selective retinal ganglion cells (ON-dsRGCs) to the AOS, the vestibular neurons, the oculomotor neurons, and, eventually, to the eye muscles such that this remaining image movement can be compensated for as well. This later loop is responsible for the so-called optokinetic reflex (OKR). When this mechanism malfunctions, nystagmus can be a consequence (1–4).

Nystagmus is characterized by involuntary, mostly horizontal, oscillating eye movements. There are many forms of nystagmus with many different causes and ages at onset. Nystagmus can be congenital (prevalence approximately 0.2% (5)), although, as it usually manifests sometime after birth, it is often called “infantile nystagmus”, or it can be acquired later in life as a result of neurological disorders (6). Typically, children with congenital nystagmus do not see an oscillating image, whereas adults with acquired nystagmus often perceive the visual field oscillating, i.e., oscillopsia.





A plausible hypothesis for the cause of congenital nystagmus

From a control systems perspective, the cause of congenital nystagmus could be simply a mistuned control loop. A simple feedback control loop with an integrator and a delay can oscillate because it can generate a sufficient phase shift for resonance to occur. When the gain is too high, this oscillation is not dampened, and the system will oscillate. For example, as the eye moves, the retinal image shifts, which is detected by the retinal circuit that detects global motion. The output of this system, the ON-dsRGCs, send a signal to the AOS (7–10), which is further relayed to the vestibular nucleus neurons and from there to the oculomotor neurons that drive the eye muscles, leading to a compensatory eye movement (Figure 2). Oscillatory eye movements can develop when the gain of this loop is too high or when a delay in this loop is too large (11, 12). If the signal induces a compensatory eye movement that is too large, it may generate additional global motion rather than compensate for it. This added (and erroneous) global motion signal will itself induce a new retinal signal for a compensatory eye movement, triggering the whole loop again and leading to nystagmus.




Figure 2 | Example of an oscillating OKR loop. For explanation see text. AOS, accessory optic system; OKR, optokinetic reflex; ON-dsGC, ON-direction-selective retinal ganglion cell.



One can think of many variants of such a feedback control loop (see, for instance, Dell’Osso, 2006), but a common feature to all is that when congenital nystagmus is present, the oscillatory activity occurring throughout the OKR loop has the same frequency. Opening this oscillatory loop should stop the oscillations and the nystagmus.

However, we recently found evidence that the mechanism can be quite different (13). We studied Nyxnob mice, which suffer from a mutation in the gene encoding for nyctalopin, a protein located specifically at photoreceptor to ON-bipolar cell (BC) synapse (Figure 3). We found that these mice had a disturbed OKR response and a horizontal nystagmus of about 5 Hz. In vivo optic nerve recordings showed burst activity of about 5 Hz. So far, these results were consistent with an oscillating OKR loop. The surprise came when we isolated the retina and recorded retinal ganglion cell (RGC) spiking activity. The firing of RGCs in the isolated retina also oscillated with a frequency of about 5 Hz. This suggested a completely different origin of nystagmus: a retinal oscillator driving the oscillatory eye movements.




Figure 3 | The metabotropic glutamatergic rod to ON-bipolar cell synapse with its molecular components. ON-BC, ON-bipolar cell.







Proof of causality

First, we tested whether or not the ON-dsRGCs were among the oscillating RGCs. SPIG1+ mice specifically express a green fluorescent protein (GFP) label in the ON-dsRGCs coding for upward motion. When we crossed the SPIG1+ mice with Nyxnob mice and recorded the activity of visually selected GFP-positive RGCs, these RGCs turned out to also oscillate in the isolated retina with a frequency of about 5 Hz (13). Next, we aimed to show the causality between the oscillating activity of ON-dsRGCs and the horizontal nystagmus. To show causality one needs to induce, block, and modify the RGC oscillations by retinal-specific interactions and show that the nystagmus changes in the same way.




Induction of nystagmus

We studied three mouse models with mutated proteins in the photoreceptor to ON-BC synapse (i.e., Nyxnob, mGluR6–/–, and Cacna1F–/– mutants). These mutated proteins are virtually all retina specific and block the photoreceptor to ON-BC synapse. In all cases, we found that the horizontal nystagmus of the mice had the same frequency as that of the RGCs oscillations in the isolated retina (14).





Block nystagmus

We could block the oscillations of RGCs in the isolated retina with a cocktail of 50 μM 6,7-dinitro-1,4-dihydroquinoxaline-2,3-dione (DNQX) and 10 μM “(2S)-2-amino-4-phosphonobutanoic (L-AP4). When we injected this cocktail in the eyes of Nyxnob mice, the nystagmus stopped (13). In principle, the DNQX/L-AP4 cocktail blocks the output of the retina, which in itself opens the OKR loop. Nystagmus could thus be absent because of the open loop or because of the block of input from a retinal oscillator to the AOS. To distinguish between these two conditions, we studied Cacna1F–/– mice. In these mice the photoreceptor output is fully blocked, making them effectively blind (14). This opens the OKR loop, just like the DNQX/L-AP4 cocktail, but at the input stage of the retina instead of at the output stage. Hence, the signal from a retinal oscillator can still reach the AOS and induce compensatory eye movements. Indeed, these mice had nystagmus (without vision), which shows that in these mice their nystagmus is driven by a retinal process and not by an oscillating OKR loop (14).





Modify nystagmus

We could reduce the oscillation frequency of RGCs in the isolated retina from 5 to 2.5 Hz by adding 10 μM strychnine (STR) to the perfusate. Injecting STR into the eyes of Nyxnob mice led to a similar reduction in the oscillation frequency of the nystagmus (13).

These experiments prove that there is a causal relationship between the oscillations of RGCs and the oscillatory eye movements in the mice mutants highlighted above. The oscillating RGC activity by itself drives the nystagmus, independent of processes intrinsic to the OKR loop downstream. But what exactly is oscillating in the retina? To answer that question, we need to dive deeper into the retinal physiology.






The oscillator

The photoreceptor to ON-BC synapse is a unique sign-inverting glutamatergic synapse. When photoreceptors depolarize, their L-type calcium (Ca) channels (Cacna1F) open and Ca2+ flows into the photoreceptor and induces glutamate release. Glutamate diffuses across the synaptic cleft and activates the metabotropic glutamate receptor mGluR6 on the ON-BC dendrites. This initiates an intracellular cascade that eventually closes the TRPM1 channel, which hyperpolarizes the ON-BC (Figure 3) (15–19). All the post-synaptic proteins involved are localized to the ON-BC dendrite by nyctalopin (Nyx). Nyctalopin expression requires the expression of the presynaptic protein Lrit3 (20). Mutations in Cacna1F, Lrit3, mGluR6, TRPM1, Gpr179, or Nyx eliminate synapse function and light-evoked responses of ON-BCs (18, 19, 21, 22). Furthermore, patients and mice with these mutations suffer from congenital stationary night blindness (CSNB).

The glutamate released by the photoreceptors closes a conductance in the ON-BC, with a reversal potential of around 0 mV leading to hyperpolarization of the ON-BC. Hence, blocking the glutamate release or removing the metabotropic glutamate receptors is expected to depolarize the ON-BCs. When ON-BCs depolarize, AII amacrine cells (ACs) will also depolarize as they receive glutamatergic input from rod-driven ON-BCs and are electrically coupled to cone-driven ON-BCs (23). In addition, either directly or indirectly, the AII ACs also receive a crossover inhibitory signal from the OFF-pathway such that light stimulation induces depolarization of the AII ACs (24).

AII ACs are an essential part of the primary rod pathway, relaying the signals from the rod-driven ON-BCs to the cone-driven ON- and OFF-BCs. The AII ACs express a number of voltage-gated channels, including fast A-type and slow M-type K+, and fast Na+ channels (25). These channels are localized to a highly specialized AII AC region: the initiation site, which is located on a long process sprouting from the AII AC soma. The process itself does not contact any other cell and expresses these voltage-gated ion channels only at its tip (Figure 4).




Figure 4 | A dye-filled AII AC with its initiation site (red arrow) Taken from Choi et al., 2014. AC, amacrine cell.



This setup constitutes an active element in the AII ACs that amplifies rod-driven, single-photon responses under scotopic conditions (26) and speeds up rod-driven responses under mesopic conditions. However, under pathological conditions where the AII ACs are strongly depolarized, these voltage-gated ion-channels at the initiation site can lead to oscillations. This happens in the mouse model for retinitis pigmentosa, where the AII AC membrane potential oscillates with a frequency of about 10 Hz. In addition, Choi and colleagues (25) have shown that, depending on the AII ACs membrane potential, the oscillation frequency can vary between 2 and 10 Hz.

To test whether or not AII ACs also generate the oscillations in the CSNB mouse models we recorded AII ACs from isolated retinas and found that they indeed oscillate (unpublished results). Next, we pharmacologically changed their oscillation frequency by applying 30 μM linopirdine hydrochloride (LP), a blocker of M-type K+ channels, to the isolated retina or injected it into the eyes of mice. LP application reduced the oscillation frequency of RGCs in the isolated retina and the frequency of the nystagmus recorded in vivo to the same extent (13). 

The output of the AII ACs affects ON-dsRGCs via the electrical coupling of the AII ACs with the cone-driven ON-BCs (Figure 5). These gap junctions consist of Cx45 at the ON-BC side and Cx36 at the AII AC side. Blocking the gap junctions pharmacologically or removing Cx36 should prevent the AII ACs oscillations from entering the retinal circuit and inducing oscillations in RGCs, in effect stopping the nystagmus. Indeed, when we crossed the Nyxnob mice with Cx36–/– mice we found that the RGCs were not oscillating and that the 5-Hz nystagmus was absent. These pharmacological and genetic experiments identify the AII ACs as the critical source of the oscillations.




Figure 5 | Schematic of the AII AC network with its main inputs and outputs. AC, amacrine cell; BC, bipolar cell; dsGC, direction-selective ganglion cell; GC, ganglion cell.







The mechanism

Nystagmus in the NYXnob mice is absent in the dark and becomes more vivid in strong light conditions. What is the underlying mechanism for this light dependency of nystagmus? First, we tested whether or not the RGCs oscillated in the dark. To our surprise, the RGCs oscillated even though nystagmus was absent in this condition. Scrutinizing the results revealed that the oscillations of the different RGCs in the dark all had different frequencies and phases. However, light stimulation led to a unifying phase reset of the oscillations, resulting in synchronized RGC oscillations (13).

The AOS receives input from many ON-dsRGCs, which it uses to determine whether or not there is global image motion. When RGCs are oscillating out of phase with different frequencies, as occurs in the dark, the integrated ON-dsRGC signal in the AOS will be very small. Only when the RGCs oscillations are synchronized by a phase reset, as occurs after light stimulation, does the integrated signal in the AOS becomes large enough to induce a compensatory eye movement. Moreover, as the RGCs oscillate, this compensatory eye movement will be an oscillating compensatory eye movement, i.e., a nystagmus.





Development and adaptation

So far, we have described the mechanism inducing nystagmus as purely retinal. However, secondary changes in the OKR/VOR system could also contribute. During development, the phases and gains of the OKR and VOR are tuned such that we can optimally stabilize our eyes when moving our head. This tuning depends to a large extent on direction information received from the ON-dsRGCs. In the NYXnob mice, this information is not available because the ON-pathway is not functional. As a consequence, the OKR/VOR system does not develop properly and the gains in the loop may become too high (Winkelman et al., 2019), which could lead to additional entrainment of the retinal oscillations which may increase the nystagmus.

In some CSNB mouse models only the ON-pathway is affected, whereas for others the OFF-pathway can be affected as well (20, 27). Thus, depending on the type of CSNB, some direction-selective information may still be available via the ON/OFF-dsRGCs. These cells project to the visual cortex (28, 29) and are involved in local motion detection. For mutations affecting only the ON-pathway, the ON/OFF-dsRGCs will, via their intact OFF-response, still send some direction information to the visual cortex. From there it will eventually be relayed to the AOS system and induce some adaptation of the OKR/VOR system. As the various mutations causing CSNB affect the ON- and OFF-pathways to different extents, subtle differences in OKR, VOR, and the waveform of the nystagmus are to be expected.

Thus, the different oscillation frequencies of the AII ACs and all sorts of secondary effects may very well form the basis of the large variety of waveforms of nystagmus.





Patients’ experiences

It has long been known that congenital nystagmus intensifies with increasing light intensity, especially when a visual task is requested, for instance when measuring visual acuity. Can we understand this aspect of nystagmus in the context of the retinal mechanism as well? It is to be expected that increasing light intensity will lead to a further depolarization of the AII ACs. AII ACs that are more strongly depolarized will oscillate with a higher frequency. Indeed, the oscillation frequency of RGCs when stimulated with dim light is lower than when stimulated with bright light (14). Thus, the retinal mechanism we propose is at least consistent with the association between light and nystagmus intensity observed in patients.

In contrast to patients with acquired nystagmus, patients with congenital nystagmus almost never complain of experiencing oscillating images, i.e., oscillopsia. Only when the velocity of the nystagmus is high, mostly in young people, is a flickering light sensation perceived (30). This subjective experience is in line with the oscillations of RGCs. So far, we have discussed the role of ON-dsRGCs, but they were only one of the many RGC types we found oscillating in the retinas of CSNB mouse models. Many of these other RGC types project to brain areas involved in visual perception. It is conceivable that, when these RGCs oscillate, this signal is translated into the perception of a flickering image.





Is congenital nystagmus in other diseases also caused by oscillations in the retina?

Oscillating AII ACs cause nystagmus in CSNB. In the examples discussed so far, the AII ACs are oscillating because they are in a condition of sustained depolarization owing to the mutated photoreceptor to ON-BC synaptic proteins. The question arises whether or not nystagmus also occurs in other conditions where AII ACs are strongly depolarized.

A condition where AII ACs are strongly depolarized is retinitis pigmentosa (RP). Choi and colleagues (25) showed that AII ACs oscillate in the retinal degeneration 1 (rd1) mouse, but nystagmus has not yet been demonstrated in these mice. In human RP patients, nystagmus is reported in some patients but not in others (31, 32). How can this diversity be explained? For the nystagmus we studied, two conditions had to be met: (1) AII ACs need to oscillate, and (2) the oscillation must be phase reset by a light stimulus, i.e., the oscillations are synchronized by a contrast edge moving over the retina. In RP patients, the AII ACs and RGCs are oscillating too (25). However, RP patients lose their peripheral vision and the ON-dsRGCs detecting global motion are present mostly in the peripheral retina. Hence, in advanced stages of RP it seems possible that light stimulation is no longer able to synchronize the ON-dsRGCs and so nystagmus may be absent as a result of this. In the early developmental stages of RP, there may be a time window when the AII ACs are already oscillating but the light sensitivity has not yet deteriorated severely. In this case, the remaining light sensitivity may still be sufficient to phase reset the AII AC oscillations and induce nystagmus.

Recently a specific mutation in Munc18 (mammalian uncoordinated)-18 was reported to lead to nystagmus (33). The mutation leading to nystagmus enhances the binding of Munc18 with syntaxin3B. The Munc18–syntaxin complex is essential for docking synaptic vesicles at the active zone of a synapse. Almost all synapses use syntaxin1A, except photoreceptors, which use syntaxin3B. A likely scenario in this case is that this specific Munc18 mutation is functionally affecting only photoreceptor synaptic transmission leading to depolarization of the ON-BCs and AII ACs. As a result, the AII ACs will start to oscillate and nystagmus appears, whereas the same Munc18 mutation leaves other synapses unaffected.

AII ACs are highly interconnected neurons. They receive at least glutamatergic, GABAergic, glycinergic, and dopaminergic input. Disturbances in these inputs may cause the AII AC to depolarize, resulting in nystagmus. Future genetic studies into the causes of nystagmus should at least consider the possibility that the mutation identified may have affected the AII ACs inputs and in that way have induced nystagmus.





Is this system also functional in the primate retina?

It has long been argued that in primates dsRGCs are absent in the retina [see, for instance, Bach, and Hoffmann (34), and, instead, direction information is calculated in the visual cortex. Indeed, until recently, there was no evidence for dsRGCs in primates. However, recent studies show direct evidence of the presence of ON-dsRGCs in the primate retina (Puthussery et al., in press, https://www.youtube.com/watch?v=VqGGBOsOA-c). Why did it take so long to find these RGCs? A possible explanation for this is that the primate retina developed a fovea, which led to an enormous increase in alpha and parasol RGCs. Consequently, the fraction of RGCs selective for direction becomes very small. Indeed, only 1%–2.5% of the RGCs seem to be ON-dsRGCs. However, this does not mean that they are less important. Rather, it may indicate that far fewer cells are needed to detect global motion than for, say, high spatial acuity.





Conclusion

Nystagmus in CSNB is caused by a retinal oscillator: the AII ACs. These cells drive oscillations in ON-dsRGCs, which in turn project to the AOS where they induce “compensatory” eye movements. These eye movements can be further enhanced/modified by secondary adaptations in the OKR loop. AII ACs start to oscillate when their membrane potential is depolarized outside its normal operating range. As AII ACs are highly interconnected neurons, it is possible that many disease conditions may affect their membrane potential. Hence, the mechanism we have described underlying nystagmus in CSNB also has the potential to cause nystagmus in many other eye conditions. Therefore, considering that nystagmus may have a retinal origin, it is crucial to advance congenital nystagmus research under a wider variety of genetic and environmental conditions.
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Biallelic loss-of-function mutations in the syntaxin 3 gene have been linked to a severe retinal dystrophy in humans that presents in early childhood. In mouse models, biallelic inactivation of the syntaxin 3 gene in photoreceptors rapidly leads to their death. What is not known is whether a monoallelic syntaxin 3 loss-of-function mutation might cause photoreceptor loss with advancing age. To address this question, we compared the outer nuclear layer of older adult mice (≈ 20 months of age) that were heterozygous for syntaxin 3 with those of similarly-aged control mice. We found that the photoreceptor layer maintains its thickness in mice that are heterozygous for syntaxin 3 relative to controls and that photoreceptor somatic counts are comparable. In addition, dendritic sprouting of the rod bipolar cell dendrites into the outer nuclear layer, which occurs following the loss of functional rod targets, was similar between genotypes. Thus, syntaxin 3 appears to be haplosufficient for photoreceptor survival, even with advancing age.
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Introduction

Syntaxin 3 is a N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein that catalyzes fusion between vesicles and their target membranes (1). In the retina, syntaxin 3 is expressed exclusively by photoreceptors and bipolar cells (2–5), where it is required for neurotransmitter release (4, 6, 7). Recently, biallelic loss-of-function mutations in the human retinal-specific syntaxin 3 spliceform, syntaxin 3B (STX3B), have been linked to an early-onset severe retinal dystrophy in young children (8). Furthermore, biallelic postnatal inactivation of the syntaxin 3 gene (Stx3) in mouse photoreceptors has shown to result in the rapid degeneration of photoreceptors and a dramatic thinning of the outer nuclear layer (ONL) of the retina (8, 9). Thus, in addition to catalyzing the exocytic release of neurotransmitter release that underlies chemical synaptic transmission at photoreceptor and bipolar cell synaptic terminals (4, 6, 7), Stx3 also has an essential role that is necessary for photoreceptor survival.

A cellular hallmark of many inherited disorders of vision is the progressive loss of photoreceptors with age. Given the rapidly devastating consequences of biallelic STX3/stx3 loss-of-function in both humans and mice, we wondered whether monoallelic Stx3 loss-of-function might lead to retinal degeneration later in life. As a first step towards addressing this possibility, we examined the outer nuclear layer of older adult mice that were heterozygous for Stx3 with those of age-matched controls. Analysis of outer nuclear layer thickness, number of photoreceptor somata and sprouting of bipolar cell dendrites into the outer nuclear layer (ONL) indicated that inactivation of a single allele of Stx3 does not drive age-related photoreceptor loss in the mouse retina.





Materials and methods




Animals

Animal procedures conformed to National Institutes of Health guidelines and were approved by the Animal Welfare Committee of the University of Texas Health Science Center at Houston. Male and female mice globally heterozygous for Stx3 (e.g. Stx3+/- and Stx3f/-) and control mice (e.g. Stx3wt, Stx3f/f, Stx3f/+) with a C57Bl6/J background were obtained by the breeding of mouse lines that we developed and characterized previously (8, 10). In contrast to the embryonic lethality of global Stx3 inactivation in mice, mice that are heterozygous for Stx3 are viable and fertile (10). Genotyping was performed by PCR using DNA isolated from tail snips (10, 11) and independently confirmed at least once. Founder lines were negative for the retinal degeneration mutations Rd1 and Rd8 (8). Mice were kept under standard housing conditions with unlimited access to food and water and with a 12 h light/dark cycle and euthanized by cervical dislocation followed by decapitation at 14-26 months of age. The mean age and age range was comparable between groups (control: 22 ± 1 months (range 14-26 months), n=15; Stx3 het: 20 ± 2 months (range 17-26 months), n=7; p = 0.6922).





Tissue preparation and immunolabeling

Following euthanasia, eyes were enucleated and lenses removed. The eyes were fixed in 4% para-formaldehyde in 0.1M sodium phosphate buffer (RT, 1h). After fixation, eyes were rinsed and cryoprotected in 30% sucrose (PBS, overnight, 4°C), embedded in OCT embedding medium (Tissue-Tek, Torrance, CA), fast-frozen, and sectioned into 14-16 µm cryostat sections. Sections from the central retina were collected on Superfrost Plus Gold microscope slides (Fisherbrand, Pittsburgh, PA) and stored at − 20°C until use. For immunolabeling, sections were thawed and incubated in blocking solution (5% normal donkey serum and 0.3% Triton X-100 in PBS) for 1 h, and primary antibodies were applied overnight at room temperature. After washing, secondary antibodies were applied for 2 h at room temperature. Sections were rinsed and cover-slipped in ProLong Gold antifade mounting medium with DAPI (Invitrogen, Eugene, OR). The retinal distribution of Stx3B was visualized with monoclonal antibody 12E5 raised against stx3 (MilliporeSigma, Burlington, MA, United States) (12), which we characterized further in Campbell et al., 2020, Supplementary Figure 1 (13). Rabbit monoclonal PKC alpha (ab32376, Abcam, Cambridge, UK) was used to label rod bipolar cells and their dendritic processes (14, 15). Secondary Cy3 conjugated donkey anti-mouse IgG (MilliporeSigma, Burlington, MA, United States), and Alexa Fluor 488 donkey anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) were used for visualization. All antibodies were used at a 1:200 dilution.





Imaging and image analysis

Image acquisition and data analysis were conducted in similar manner to that described previously (13). Rod spherules and cone pedicles in retinal sections were identified by their characteristic appearance and respective locations within the outer plexiform layer (OPL) and by immunolabeling for Stx3 (2, 3, 13, 16). Images (Z-stacks) were acquired on a Zeiss 800 confocal microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). Analysis of images was performed blinded to genotype. Measurement of outer nuclear layer thickness and photoreceptor somata number was performed in ImageJ (17). The thickness (μm) of the outer nuclear layer (ONL) was measured in maximum intensity projections using the Image J straight tool. Photoreceptor nuclei were quantified in an 800 µm2 region of the ONL using the “grid” function of Image J and counted using the “multi-point” tool. Measurement of rod bipolar cell dendrite length was performed in Fiji/ImageJ2 (17, 18). Dendritic lengths were calculated in maximum intensity projections using the free hand line tool. Dendrites were traced from the border between the outer plexiform layer and outer nuclear layer to their terminal ends in the outer nuclear layer. For each measure, 1-4 histological sections were analyzed per mouse and results averaged together to produce a single value per animal for each measure. Data were compiled in Excel (Microsoft, Redmond, WA, United States), and statistical analyses were performed in Prism 7 (GraphPad Software, Inc., San Diego, CA, United States) using the Mann Whitney Test. Figure images are displayed as maximum intensity projections. Results are represented as mean ± SEM, where “n” represents the number of mice.






Results

In this study, we asked whether having only a single functional Stx3 allele might be a risk factor for age-related photoreceptor death. To address this question, we examined and compared the retinae of older adult mice that were heterozygous for Stx3 with those of similarly-aged controls (control: 22 ± 1 months, n=15; Stx3 het: 20 ± 2 months, n=7; p = 0.6922). In the representative confocal images shown in Figure 1A and in the compiled data from multiple animals (Figure 1B), ONL thickness was not diminished in mice that were heterozygous for Stx3 when compared to controls (control: 63 ± 2 µm, n=15; Stx3 het: 73 ± 3 µm, n=7; p = 0.0164). Furthermore, there was no difference in the number of photoreceptor somata per unit area between groups (Figures 1A, C; control: 70.5 ± 2.9, n=15; Stx3 het: 73.2 ± 2.8, n=7; p = 0.6173). Together, these results indicate that the outer nuclear layer (ONL) in mice heterozygous for Stx3 is comparable to that of control mice (Figure 1).




Figure 1 | Outer nuclear layer (ONL) thickness and photoreceptor number are not reduced by Stx3 heterozygosity in the aged mouse retina. (A) A representative pair of confocal images from an older adult mouse heterozygous for Stx3 and an older adult control mouse show that the ONL was preserved in the Stx3 het mouse and comparable to that of the control. Stx3 (red), PKC (green), and DAPI (nuclear marker, blue). Scale bar 10µm. IS Inner segments, ONL outer nuclear layer, OPL outer plexiform layer. (B) The average thickness of the ONL was similar between groups, although it was slightly larger in the Stx3 het mice (p: 0.0164). (C) The number of nuclei in an 800 µm2 area of the ONL was not different between groups (p: 0.6173). For (B, C), Stx3 hets, n= 7 mice and for controls, n=15 mice. * denotes p value <0.05 and ns denotes p value is not significant.



When rod photoreceptors die and/or their ribbon-style synapses become non-functional, rod bipolar cells extend their dendrites beyond the outer plexiform layer (OPL) and into the ONL (19–23). We therefore measured and compared the length of PKC-labeled rod bipolar cell dendrites as a proxy of rod photoreceptor loss in older adult mice heterozygous for Stx3 and in similarly-aged control mice. Results show that dendritic lengths were virtually identical amongst the two groups, with each group having a similar percentage of dendritic length distributions that included the occasional longer ONL sprout (Figure 2). Taken together, these results demonstrate that one functional Stx3 allele is sufficient to maintain long-term photoreceptor viability.




Figure 2 | Rod bipolar cell dendritic length is not altered by Stx3 heterozygosity in the older adult mouse retina. (A) A representative pair of confocal images through the outer plexiform layer (OPL) of an older adult heterozygous Stx3 mouse and an older adult control mouse were labeled with antibodies against Stx3 (red) and PKC (green), show similar dendritic lengths. Scale bar 20 µm. OPL outer plexiform layer. (B) The amplitude distributions (by percentage) of dendritic lengths of rod bipolar cells in older adult mice heterozygous for Stx3 and aged control mice were virtually identical and not statistically different. Stx3 hets, n= 7 mice and for controls, n=15 mice.







Discussion

Syntaxin 3 is the only plasma membrane syntaxin known to be expressed by photoreceptors (2, 3, 24). In humans, biallelic loss-of-function mutations in syntaxin 3A, a syntaxin 3 splice form expressed widely throughout the body outside of the retina, gives rise to a devastating gastrointestinal disorder that presents in infancy (8, 25, 26). If the mutations are located in exons that are conserved between syntaxin 3A and the retinal-specific syntaxin 3 spliceform, syntaxin 3B (5, 8), the children additionally exhibited an early onset severe retinal dystrophy (8). In mice, the global inactivation of Stx3 is embryonic lethal (10), while inactivation of Stx3 selectively in photoreceptors produced a rapid loss of photoreceptors and a dramatic reduction in ONL thickness (8, 9). Thus, in addition to its role in synaptic transmission at retinal ribbon-style synapses (4, 6, 7), syntaxin 3 is also required for photoreceptor survival.

In this study, we examined the effects of deletion of a single Stx3 allele on the outer retina. We found no difference in the thickness of the outer nuclear layer between older adult controls and older adult mice that were heterozygous for Stx3. In addition, we did not observe a decrease in the number of photoreceptor somata per unit measure or an increase in the sprouting of rod bipolar cell dendrites. The latter might be expected if rods had died or retracted their spherules at a higher rate in older adult Stx3 heterozygous mice relative to age-matched controls or if the Stx3 heterozygous rod to rod bipolar cell synapses were non-functional (19, 21–23). We did note that most of the rod bipolar cell dendrites in older adult Stx3 heterozygous mice appropriately contacted rod terminals, suggesting that the primary reason for a lack of exuberant dendritic sprouting is that the dendritic targets, the rod terminals, demarcated by Stx3 immunolabeling, were still present and located close to the OPL/ONL border.

One of the motivations for conducting this study was to predict whether loss-of-function mutations in one STX3 allele might increase the risk of photoreceptor loss in human subjects later in life. Our results suggest that Stx3 is haplosufficient for photoreceptor survival, even at older ages. However, the situation could be very different if, rather than a loss-of-function mutation, there were a monoallelic dominant negative mutation. Indeed, SNAREopathies have been reported in which dominant mutations in one gene negatively affect the functionality of the wild-type transcript (27). Interestingly, of the identified human STX3 mutations associated with visual impairment to-date, all have been biallelic loss-of-function mutations (8). Thus, for these patients, the introduction of a wild-type gene could be sufficient to rescue the remaining photoreceptors and prevent further photoreceptor loss.
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The role of acetylcholine (ACh) in visual processing in the mammalian retina has been the focus of research for many decades. Pioneering work on the localization of ACh discovered that the neurotransmitter is synthesized and stored in a distinct subpopulation of amacrine (starburst) cells. It has been shown that ACh release is regulated to a low resting “tonic” level, much like what is observed at the neuromuscular junction (NMJ). If there were a dysfunction in the tonic release of ACh, might post-synaptic changes render the targets of ACh [i.e., retinal ganglion cells (RGCs)] vulnerable to disease? During my time at Pharmacia & Upjohn (PNU), selective nicotinic ACh receptor (nAChR) agonists (e.g., PNU-282987) were developed as a possible therapy for central nervous system (CNS) diseases. As RGCs are the main targets of neurodegeneration in glaucoma, could the activation of this target provide neuroprotection? In response to this question, experiments to identify alpha7 nAChRs in the retina (i.e., target ID studies) followed by “proof-of-concept” experiments were conducted. Target ID studies included binding studies with retinal homogenates, [125I]-alpha-bungarotoxin (α-BTX) autoradiography, and fluorescently tagged α-BTX binding in retinal slices. Imaging studies of intracellular calcium dynamics in the retinal slice were conducted. Reverse transcription-polymerase chain reaction (RT-PCR) analysis with alpha7 nAChR knockout mice using the “laser-capture microdissection” technique, in situ hybridization studies, and RT-PCR analysis of the human retina were conducted. Collectively, these experiments confirmed the presence of alpha7 nAChRs on specific cells in the retina. “Proof-of-concept” neuroprotection studies demonstrated that PNU-282987 provided significant protection for RGCs. This protection was dose dependent and was blocked with selective antagonists. More recently, evidence for the generation of new RGCs has been reported with PNU-282987 in rodents. Interestingly, the appearance of new RGCs is more pronounced with eye-drop application than with intravitreal injection. One could postulate that this reflects the neurogenic activation of alpha7 receptors on the retinal pigment epithelium (RPE) (eye drops) vs. a neuroprotective effect on RGCs (injections). In conclusion, there does appear to be a cholinergic retinal “tone” associated with RGCs that could be utilized as a neuroprotective therapy. However, a distinct cholinergic neurogenic mechanism also appears to exist in the outer retina that could possibly be exploited to generate new RGCs lost through various disease processes.
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Introduction

The cholinergic system of the mammalian retina has been investigated for many decades. It is widely accepted that the cells in the mammalian retina that synthesize and use acetylcholine (ACh) as a neurotransmitter are a well-defined population of amacrine cells comprising 3% of the entire amacrine cell population (1). These cells have a distinctive radial symmetry and are commonly referred to as the “starburst” amacrine cells (2–7). As the starbursts are the only neurons in the retina that synthesize ACh, the release of 3H-ACh (after loading with 3H-Ch) is taken to reflect the combined activity of the entire cholinergic population (8–10). The excitatory cone bipolar cell input is mediated via glutamate and several glutamate analogs evoke massive release (11), although the blocking of a specific subtype blocks responses to light-flash stimulation (12–14).

Starburst amacrine cells synthesize and release both γ-aminobutyric acid (GABA) and ACh when depolarized (8, 9, 15). The amount of ACh released from the rabbit retina increases at both light onset and light offset, and is maximally stimulated by large stimuli at temporal frequencies of 1–4 Hz (9, 16, 17). The majority of the synaptic output from the starburst cells is directed at retinal ganglion cell (RGC) dendrites (18–20). Starburst amacrine cells are known to provide a major synaptic input to directionally selective (D/S) RGCs, but it is uncertain what role they play in establishing the selectivity of their responses [reviewed in (21)]. In an elegant study (featured on the cover of Nature), He and Masland (22) photoablated labeled starbursts on the preferred side and null side of D/S RGCs and did not observe a significant change in directional selectivity. However, in another noteworthy study, Yoshida et al. (23) performed intravitreal injections of a toxin selective for starburst amacrines in a transgenic mouse model that resulted in the near elimination of all starbursts and with them all D/S responses from ganglion cells. The possible differences between these two results were reviewed by Wassle (24). Sethuramanujam et al. (25) have provided evidence for the concept of a mixed ACh/GABA transmission in the direction coding in the retina. In 2022, Kim et al. stated “there is a striking discontinuity in our current understanding of the neural coding of motion direction” (26). Subsequently, they [and others (27)] reported evidence for D/S starbursts in the primate retina. Previously, D/S was thought to occur at the cortical level in primates. In addition, a new layer of complexity has been proposed, with evidence suggesting a role in D/S processing at the bipolar cell level (28, 29). Overall, there does not appear to be universal agreement on the exact role played by ACh released from the starburst amacrine cells in D/S among different mammals.

Does ACh play a role in retinal physiology other than directional selectivity that needs to be considered? Other than the rapid depolarizations observed with nicotinic ACh receptor activation in other parts of the nervous system, what else is associated with ACh release? Massey and Redburn (17) reported that ACh release from the rabbit retina was “tonically” inhibited by GABA to a relatively low resting level. This level of release could be greatly enhanced by selective GABA inhibitors (30). One could postulate that this can be compared with the tonic release of ACh at the neuromuscular junction (NMJ). The tonic release at the NMJ is essential for maintaining the functionality of that synapse. It is well known that regular exercise increases muscle tone. Could a similar mechanism be at work at the starburst-to-RGC synapse in the retina? Could there be a “cholinergic tone” mechanism at that synapse that is essential for proper functioning? Importantly, could the disruption of this mechanism be involved in certain retinal diseases? Using the hypertonic saline model of ocular hypertension in rats, Cooley-Themm et al. (31) found that starburst amacrine cell numbers, ACh content, and α7 nicotinic ACh receptor (nAChR) protein expression all began to decrease 1 week after the procedure to induce glaucoma-like conditions. This preceded the significant loss of RGCs that typically occurs 1 month after the same procedure. Therefore, as it remains highly speculative, the temporal sequence of the disruption of cholinergic transmission (i.e., loss of “cholinergic retinal tone”) and the loss of RGCs seen in glaucoma needs further experimental support.

Although the primary risk factor for glaucoma is considered to be elevated intraocular pressure (ocular hypertension), excitotoxicity is another possible mechanism. Excitotoxicity (neuronal cell death caused by excessive excitatory input) has long been linked to various diseases of the central nervous system (32, 33), including the retina. In the retina, diseases associated with excitotoxicity include retinal ischemia, diabetic retinopathy, and glaucoma (34, 35). Several studies have identified an excess of the excitatory neurotransmitter, glutamate, in the vitreous humor (36–38). Landmark studies have demonstrated that excess glutamate release in the eye leads to a prolonged influx of non-specific cations in RGCs and triggers intracellular signaling cascades, leading to apoptosis (39, 40). Interestingly, exposure to cigarette smoke reduces kainic acid-induced neurotoxicity in rats (41). In addition, the stimulation of nAChRs has been reported to inhibit β-amyloid toxicity (42, 43). Nicotine has also been reported to protect against N-methyl-D-aspartate (NMDA)- and glutamate-induced neurotoxicity (44), with Kaneko et al. (45) proposing that the α7 nAChR plays a role in the observed protection. Researchers at Abbott Laboratories reported that ABT-418 and nicotine can protect against glutamate-induced toxicity in rat cortical cell culture experiments (46). In neuroprotection studies utilizing adult porcine RGCs isolated by a “panning” procedure, Wehrwein et al. (47) demonstrated that ACh, nicotine, and choline significantly reduced glutamate-induced excitotoxicity through α-bungarotoxin-sensitive nAChRs. Choline is regarded as a relatively selective agonist and α-bungarotoxin (α-BTX) as a relatively selective antagonist for the α7 nAChR.

Are there highly selective α7 nAChR agonists available (48, 49) to further investigate the role of ACh in the “cholinergic tone” model of glaucoma? The proposed sequence being that if starbursts are lost during the development of elevated intraocular pressure (IOP), then the release of ACh should decrease. One could reason that activation of the α7 nAChR on RGCs (if they exist) with a selective agonist could restore “tone”. This would be comparable to the approach of blocking acetylcholinesterase (AChE) with selective inhibitors (to increase ACh levels) to counteract the loss of cholinergic neurons in Alzheimer’s disease, or selectively activating dopamine receptors with agonists to counter the loss of dopaminergic neurons in Parkinson’s disease. PNU-282987 was developed at Pharmacia & Upjohn in the early 2000s. Binding studies in rat chimera cells using PNU-282987 demonstrated that it is a potent and specific agonist for the α7 nAChR (50, 51). These studies demonstrated that methyllycaconitine (MLA), a specific α7 nAChR antagonist, competitively bound to α7 nAChRs when both PNU-282987 and MLA were present in brain tissue. In electrophysiology studies using rat hippocampal neurons, PNU-282987 evoked a rapidly desensitizing inward whole-cell current associated with the opening of the α7 nAChR channel. This current was eliminated if MLA was introduced before PNU-282987 (50). Overall, there is compelling evidence that PNU-282987 can be regarded as a highly selective α7 nAChR agonist. However, before testing PNU-282987 as a potential therapy in the retina, one needs to demonstrate that there are α7 nAChRs present in the mammalian retina (target identification) and then demonstrate that PNU-282987 is effective in appropriate model systems (validation). Preliminary experiments exploring target identification and validation of the α7 nAChR (Chrna7) in the retina will be presented in this report with results from binding studies, the imaging of intracellular calcium dynamics, reverse transcription-polymerase chain reaction (RT-PCR) studies, in situ hybridization (ISH), and isolated mammalian RGC culture experiments.





Methods




Binding assays

Porcine eyes were obtained from a local meat processing company (Pease Packing Co., Scotts, MI, USA) and kept on ice. Retinas were removed and homogenized using a rotating pestle. The homogenate was centrifuged at 1,000 ×g for 10 minutes at 40°C. The supernatant was collected and centrifuged at 20,000 ×g for 20 minutes at 40°C. The resulting pellet was resuspended to a protein concentration of 1–8 mg/mL. Aliquots of 1 mL of homogenate were frozen at –80°C until needed for the assay. On the day of the assay, aliquots were thawed at room temperature and diluted with Kreb’s 20 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] buffer (Sigma-Aldrich, St. Louis, MO, USA) (pH 7.0) and 25–150 μg of protein was added per test tube. Protein concentrations were determined by the Bradford method (52) using bovine serum albumin (BSA) (Sigma-Aldrich) as the standard.

In the [125I]-α-BTX binding assay, 0.4 mL of homogenate was added to test tubes containing buffer plus 0.1% BSA and 10 μM PMSF/test binding compound and radioligand ([125I]-α-BTX). Homogenates were incubated in a final volume of 0.5 mL for 4 hours at 37°C. Non-specific binding was determined by 1 nM α-BTX (Sigma-Aldrich). In line with the methods for competition studies, the drugs were added in increasing concentrations to the test tubes before the addition of [125I]-α-BTX (2,000 Ci/mmol; New England Nuclear, Boston, MA, USA), up to a final concentration of 0.1 nM. The incubations were terminated by rapid vacuum filtration through Whatman GF/B glass filter paper mounted on a 48-well Brandel cell harvester. Filters were pre-soaked in 50 mM Tris-HCl (pH 7.0) and 0.05% polyethylenimine. The filters were rapidly washed two times with 5-mL aliquots of cold 0.9% saline and then measured for radioactivity by liquid scintillation spectrometry.

[3H]-cytisine (35 Ci/mmol; New England Nuclear) was used to label the α4 nAChR and [3H]-epibatidine (48 Ci/mmol; New England Nuclear) in order to label the α3 nAChR in porcine retinal membranes. The final radioligand concentration used was 1.0 nM. In the assays, 0.4 mL of homogenate was added to test tubes containing buffer/test compound and radioligand, and were incubated in a final volume of 0.5 mL for 1 hour. Non-specific binding was defined by 1 mM nicotine (Sigma-Aldrich). For the α3 binding assay, 30 nM of cold cystine was used to block the endogenous α4 nAChR. The incubations were terminated by rapid vacuum filtration through Whatman GF/B glass filter paper mounted on a 48-well Brandel cell harvester. Filters were pre-soaked in 50 mM Tris-HCl (pH 7.0) and 0.05% polyethylenimine. The filters were rapidly washed two times with 5-mL aliquots of cold 0.9% saline and then measured for radioactivity by liquid scintillation spectrometry.

The inhibition constant (Ki) was calculated from the concentration-dependent inhibition of radioligand binding obtained from a non-linear regression-fitting program according to the Cheng-Prusoff equation (53). Hill coefficients were obtained using non-linear regression (GraphPad Prism sigmoidal dose–response with a variable slope). The Ki is presented as the mean ± standard error of the mean (SEM) for each inhibitor of α-BTX (n = 3), for cytisine (n = 3), and for epibatidine (n = 3). Percent inhibition is presented as the mean ± SEM for each inhibitor of α-BTX (n=4), for cytisine (n = 3), and for epibatidine (n = 3) at set doses.





Autoradiography

Before incubation with [125I]-α -BTX, a series of coronal eye sections from each rat was incubated in binding buffer at 22°C for 10 minutes. After the preincubation step, the samples were incubated with 2 nM [125I]-α -BTX for 4 hours at 22°C. An adjacent series of sections from each rat was used to determine non-specific [125I]-α-BTX binding (in the presence of 1 mM nicotine bitartrate). The slides were then washed as follows: 10 minutes in binding buffer (twice), 5 seconds in 0.1 × binding buffer (twice), 5 seconds in 5 mM HEPES (pH 7.5) (twice), and finally with dH2O twice. The binding buffer (pH 7.5) comprised the following: 144 mM NaCl, 1.5 mM KCl, 2 mM CaCl2, 1 mM MgSO4, 200 mM Tris-HCl, 20 mM HEPES, and 0.1% BSA (w/v; weight to volume). All chemicals were obtained from Sigma-Aldrich.





Toxin binding studies in the retinal slice

Retinal slices were prepared as below. Instead of loading cells with fluo-4 AM, Texas Red-tagged α-BTX (Sigma-Aldrich) was added to dishes at a concentration of 100 nM for 30 minutes, followed by a 30-minute wash prior to imaging on a deconvoluting microscope.





Calcium dynamics in retinal slices

Rat retinal slices were prepared according to procedures adapted from previous methods (54). Each eye was excised and hemisected, and the anterior chamber was discarded. Two radial incisions were made with fine scissors such that the eyecup would lay flat with dorsal and ventral hemispheres. A black Millipore filter (HABP 045; Merck Millipore, Burlington, MA, USA) was placed on top of the remaining vitreous and the retina flipped over on top of a Whatman #1 filter (Sigma-Aldrich, St. Louis, MO, USA). The Whatman was allowed to draw the vitreous through the Millipore to facilitate attachment of the retina to the Millipore. The retina/filter was then placed under a dissecting scope and the sclera peeled away, leaving the retina attached to the filter paper. The retina was then sliced with a fresh razor blade on a conventional razor-blade tissue slicer (Stoelting, Chicago, IL, USA). Slice thickness was 150 μm and controlled with the micrometer drive on the slicer. Individual slices were transferred to a 35-mm culture dish (three slices/dish) containing Ames buffer (Sigma-Aldrich), rotated such that the slices lay on their side with their ends anchored in Vaseline® tracks.





Fluorescence measurements

For the measurement of calcium dynamics (55, 56) in retinal slices, Ames buffer was replaced with a loading solution [one part Ames to two parts phosphate-buffered saline (PBS) without Ca++]. The loading solution contained the fluorescent calcium indicator fluo-4 AM [10 μL of a 1 mM solution of dimethylsulfoxide (DMSO) into a 15 mL loading solution; Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA]. After a 1-hour loading period in a tissue-culture incubator, the loading solution was replaced with fresh Ames for a recovery period (i.e., “wash phase”) of 30 minutes at 37°C. For binding experiments, Texas Red-tagged α-BTX was added to dishes at a concentration of 100 nM for 30 minutes followed by a 30-minute wash.

Dishes were transferred to an inverted microscope (Nikon) equipped with a perfusion system (Warner Instruments, Holliston, MA). Fluorescence within individual slices was examined with a deconvoluting microscope (MetaMorph Imaging Systems, Molecular Devices, San Jose, CA, USA) until a suitable region of a slice was chosen for examination. Regions of relatively uniform focal plane and labeling were determined as “suitable regions” for analysis. Areas to be monitored were designated by drawing polygons around labeled cells in the ganglion cell layer. Images (60×; 1.0 NA) were acquired in 1-μm steps at each time point with a frame duration of 200 milliseconds and stacks acquired at 10-second intervals. There was no correction for bleaching. Drugs were applied in 1-minute bath-applied pulses, and a 10-minute wash-out between doses was followed. Digitized images were captured in the form of stacks and calcium dynamics in the designated areas of the slice were analyzed using the MetaMorph analysis software. Data in the form of spreadsheets were exported to Excel (Microsoft) and then SigmaPlot (Jandel Scientific) for the generation of “brightness-over-time” graphs. Dose–response data were obtained by measuring the peak response, divided by the basal response immediately prior to drug application. Dose–response experiments were considered completed when the maximal change in fluorescence was taken as the saturating dose. The change delta (Δ) in fluo-4 fluorescence (fluorescence-max/fluorescence-initial) was plotted against concentration. Dose–response curves were generated using a “best fit” program in Excel. Nicotine and epibatidine were obtained from commercial sources (Sigma-Aldrich, St. Louis, MO), whereas AR-R-17779 was obtained from “in-house”. Values from each concentration tested are presented as mean ± SEM (n = 4).





RT-PCR of retinal tissue

Cryosections of eyes from wild-type and α7 knockout mice were run through a dehydration series in preparation for laser-capture microdissection (LCM; Arcturus, Thermo Fisher Scientific, Waltham, MA). In brief, the inner portion of each retinal section [corresponding to the retinal ganglion cell layer (GCL)] was removed from the wild-type and knockout mice. This consisted of clumps of cells that could include RGCs and displaced amacrine cells. Total RNA was extracted from the laser-captured material and put through one round of linear amplification prior to use in PCR, which followed standard cycling parameters. Mouse hippocampal cDNA served as a positive control, whereas dH2O served as a negative control. Subsequent sequencing from both ends of the PCR product confirmed α7  transcript.

Human ocular tissue was obtained from the Michigan Eye Bank. Total RNA was prepared, and reverse transcription carried out to generate retinal cDNA. The primers were designed with the forward primer in exon 2 and the reverse primer in exon 6 such that only amplification from cDNA, as opposed to contaminated genomic DNA, would produce the correct size band of 450 bp (amplification from genomic DNA would create a much larger product). The α7 nAChR PCR reaction products from human retina cDNAs were generated using the human α7 nAChR-specific primer set. Human hippocampal cDNA was used as a positive control with SHEP-1 cells and sterile dH20 as negative controls for the PCR reactions. In addition, primers for β-actin were used on all of the cDNA samples to demonstrate that the cDNA was intact and of sufficient quality to use in PCR. Corresponding bands with the proper molecular weight (MW) were only detected in hippocampal and retinal cDNA and not in SHEP-1 cDNA and dH2O. Sequencing of the 450-bp PCR product made from human retinal cDNA confirmed that it matched exactly the functional human α7 cDNA sequence (GenBank® accession U62436).





In situ hybridization

For tissue preparation, rat brain and eyes were rapidly obtained post mortem and embedded fresh in OCT and flash frozen in isopentane cooled in liquid nitrogen. Blocks were stored at –80°C. Sections of approximately 8 μm were obtained using the CryoJane Tape Transfer System (Leica Biosystems, Deer Park, IL) and were used immediately for ISH.

For probe preparation, rat α7 nicotinic acetylcholine receptor (α7 nAChR) cDNA was cloned into pBluescript SK(+) at the EcoR1 site of the multiple cloning sequence. The plasmid was linearized with Kpn1 and Sma1 to serve as the template for an antisense and sense probe, respectively. Full-length (1,508 kb) rat α7 nAChR antisense and sense digoxigenin (DIG)-labeled transcripts were generated using the DIG RNA Labeling Kit (Roche, Basel, Switzerland). T3 ribonuclease was used to generate the antisense probe and T7 was used to generate the sense probe. Fidelity of transcription was assessed using gel electrophoresis. Approximate yield was determined using DIG Quantification and Control Test Strips (Roche). An approximately 600-bp antisense probe for mouse β-actin was used as a positive control.

For the ISH procedure, the non-isotopic ISH method used was a modification of the procedures of Braissant et al. (57) and Yang et al. (58). Basically, following several prehybridization steps, tissues were hybridized overnight then, after a series of posthybridization steps and stringency washes, the slides were prepared for immunodetection using a tyramide signal amplification protocol. Immunodetection and amplification were performed on a Dako Autostainer (Agilent, Santa Clara, CA, USA).

The experimental matrix comprised two tissues: (1) rat brain tissue (positive control); and (2) rat eye tissue.

Four probes were used in this experiment:

	1) a7 nAChR antisense;

	2) a7 nAChR sense;

	3) β-actin antisense (technique positive control); and

	4) neomycin antisense (an antisense probe against non-coding mRNA).







Cell culture/neuroprotection studies

Retinas were removed from fresh porcine eyes donated by DeVries Meats, Inc., Coopersville, MI, USA. Papain was added to enzymatically dissociate the cells, and trituration was utilized for further dissociation. The individual retinal cells were suspended in Dulbecco’s modified Eagle’s medium (DMEM) CO2-independent medium (Gibco, Carlsbad, CA, USA). A two-step panning procedure modified from Barres et al. (59) was used to isolate the retinal ganglion cells. In the first step, the retinal cell suspension was applied to dishes coated with IgG goat anti-rat antibody. The IgG antibody captured cells with low affinity for RGCs. After incubation at 36°C, the cell suspension was transferred to plates coated with IgM goat anti-mouse antibody tagged with the Thy 1.1 antibody. The Thy 1.1 maintained high affinity for RGCs. The plates were divided into three categories: control plates received no treatment; experimental plates received varying concentrations of agonist, either PNU-282987 or nicotine (Sigma-Aldrich), followed later by an application of glutamate; and other plates received glutamate only. The cells were allowed to incubate at 36°C for 3 days. Calcein (Sigma-Aldrich) was then applied to all plates, allowing the live cells to fluoresce when viewed at 495 nm under a microscope. Images were captured and a software program was utilized to count cells. Cell survival on the treatment plates was calculated as a fraction of control plate survival. Each experiment was carried out six times to determine pharmacological results. Statistical analysis was performed on data using an analysis of variance (ANOVA) followed by linear contrast. A p-value < 0.05 was considered statistically significant. Statistical treatments were performed on data normalized to control values for each experimental series to minimize variation.






Results

Binding studies were conducted on retinal homogenates to test for the presence of different nicotinic AChR subtypes. α-Bungarotoxin (α-BTX) is a neurotoxin that blocks neuromuscular transmission via irreversible inhibition of nAChRs at the pore opening (60). It is considered selective for α7 nAChRs over other nAChRs (61), including α3β4 receptors (IC50 values of 1.6 nM and > 3 μM, α7 and α3β4 respectively; Tocris Bioscience, Minneapolis, MN, USA). In Figure 1, binding against [125I]-α-BTX was consistent with the presence of α-BTX sensitive receptors in porcine retinal membranes. The mean Ki for α-BTX indicated high potency at 170 ± 40 nM, whereas nicotine had a mean Ki of 300 ± 22 μM (n = 3 for each). This is consistent with the relatively low affinity of nicotine compared with α-BTX for nAChRs. Methyllycaconitine (MLA) was the first low-molecular-weight ligand to be shown to discriminate between muscle nicotinic receptors and their α-BTX-binding counterpart in the brain (62). The percent inhibition by 100 μM MLA was determined to be 35% ± 1% (n = 4) for α-BTX, 3% ± 14% for 100 μM epibatidine, and 0% ± 9% for AR-R-17779. This is consistent with the way in which MLA interacts with the α7 pore at a distinct site, resulting in a lower affinity relative to α-BTX. Epibatidine is expected to display minimal affinity at α-BTX sites (high affinity expected at α3 nAChRs). A negligible interaction with the selective α7 agonist AR-R-17779 indicates a distinct, separate binding interaction with the agonist binding site on the α7 nAChR.




Figure 1 | This figure displays the results of binding studies conducted with pig retinal homogenates. (A) The observed inhibition of [125I]-α-bungarotoxin (α-BTX) was consistent with the binding profile of α7 nAChRs. The mean Ki (nM) ± SEM was determined against α-BTX (n = 3) and nicotine (n = 3). Percent inhibition of binding (curves not shown) was determined against  MLA (methyllycaconitine) (n = 4), epibatidine (n = 4), and AR-R-17779 (n = 4). (B) The inhibition of [3H]-cytisine (35 Ci/mmol) was consistent with the presence of the α4 nAChR. The mean Ki (nM) ± SEM was determined against epibatidine (n = 3), nicotine (n = 3), and MLA (n = 3). Percent inhibition of binding against AR-R-17779 (at 10 mM) and α-BTX was also determined. (C) The inhibition of [3H]-epibatidine (48 Ci/mmol) was taken to indicate the α3 nAChR. The mean Ki (nM) ± SEM for epibatidine (n = 3), nicotine (n = 3), and MLA (n = 3) were determined. Percent inhibition of binding against 10 mM AR-R-17779 (n = 3) and 100 nM α-BTX (n = 3) were also determined and indicated minimal activity at α7 nAChRs. Collectively, these results indicate the possible presence of different nAChRs in the porcine retina, including the α7 nAChR.



Cytisine is a partial agonist with high-affinity binding to the α4β2 nAChR. The nAChR is believed to be central to the rewarding effects of nicotine. It has been licensed as an aid for smoking cessation in Eastern Europe for 40 years and marketed as Tabex®. The mean Ki of epibatidine displayed high-affinity binding against [3H]-cytisine at 0.10 ± 0.03 nM, and the mean Ki of nicotine and MLA was 20 ± 0.70 nM and 180 ± 40 nM, respectively (n = 3 for each). The relatively low-potency Ki for MLA is suggestive of a nAChR other than the α7 nAChR. Percent inhibition of binding was 16% ± 8% (at 10 μM) for the selective α7 agonist AR-R-17779 and 3% ± 3% (at 100 nM) for α-BTX (n = 3 for each). The low level of percent inhibition of an α7 selective agonist and antagonist is indicative of minimal interaction with cytisine at α7 nAChRs. Subsequent published studies from our laboratory have supported the presence of α4 nAChRs on small porcine RGCs and α7 nAChRs on large porcine RGCs (63). Interestingly, Elgueta et al. (64) reported that cytisine was selective for the β4 subunit of nAChRs on retinal amacrine cells.

As stated above, epibatidine was originally considered highly potent but relatively non-selective for α4β2 and α3β4 nAChRs, with low affinity for the α7 AChR. The inhibition of [3H]- epibatidine by non-labeled epibatidine displayed a mean Ki of 0.70 ± 0.05 nM (n = 3), whereas nicotine displayed a mean Ki of 220 ± 0.60 nM (n = 3). These values are indicative of the high-potency agonist action of epibatidine at nAChRs compared with nicotine. However, the high Ki value for MLA with the low percent inhibition by AR-R-17779 and α-BTX is evidence of the low binding affinity of epibatidine at the α7 nAChR, but suggests the presence of other nAChR subtypes. Tocris (www.tocris.com) lists epibatidine as a high-affinity nicotinic agonist (Ki values = 0.02 and 233 nM for α4β2 and α7 nicotinic receptors respectively). Together, these results and others indicate the presence of different types of nAChRs [α3, (65); α4, (63, 66)] in the mammalian retina, including the α7 nAChR (67).

Additional studies with α-BTX are shown in Figure 2. Part (A) shows a low-power image of autoradiography (ARG) of non-specific binding with nicotine. Part (B) shows low-power images of 2 nM [125I]-α-BTX ARG of an entire cross-sectioned rat eye. Part (C) is a higher-power image of a cross-sectioned rat eye exposed to [125I]-α-BTX. After processing, there is heavy staining localized to the ganglion cell layer (GCL) of the rat eye, as indicated by the diagonal white arrows. There is more diffuse labeling at the margin of the inner nuclear layer (INL) and the inner plexiform layer (IPL) indicated the horizontal white arrows. This could coincide with the location of the conventionally placed cholinergic “starburst” amacrine cells. However, the low-power magnification does not allow for the distinction of specific cells in the GCL or INL. Interestingly, there is diffuse labeling throughout the INL, which is consistent with reports of α7 nAChRs found on specific types of bipolar cells (28, 68). Part (D) is a higher-power magnification of Texas Red-tagged α-BTX labeling in a rat retinal slice preparation. Putative individual cells can be distinguished in the GCL. Recently, single-cell RNA sequencing (scRNA-seq) has emerged as a powerful tool to study cell-type-specific gene expression in the retina. As reviewed in (69), upward of 12 retina-specific scRNA-seq databases have been published on the NIH Gene Expression Omnibus (GEO). These publicly available databases can allow for cell-specific gene expression queries, including Chrna7 expression profiles.




Figure 2 | Preliminary ARG studies with [125I]-alpha-bungarotoxin and tagged alpha-bungarotoxin suggest localization of the α7 nAChR predominantly in the RGC layer (RGL). The top left figure (A) displays a low-power image of non-specific binding with 1 mM (-)-nicotine with a sectioned rat eye. The top right figure (B) displays a low-power image of binding with 2 nM [125I]-α-BTX. The figure on the lower left (C) is a close-up image showing heavy staining localized to the RGL of the rat eye, as indicated by the thick diagonal white arrows. Diffuse labeling is observed at the margin of the inner nuclear layer (INL) and the inner plexiform layer (IPL), as indicated by the thin horizontal white arrows. Although inconclusive at this magnification, this could coincide with the conventional location of the cholinergic “starburst” amacrine cells. Interestingly, there is diffuse labeling throughout the INL, consistent with reports of α7 nAChRs found on specific types of bipolar cells (28, 68). The figure on the right (D) is a higher-power magnification of Texas Red-tagged α-BTX labeling in a rat retinal slice preparation. Individual cells (horizontal white arrows) cannot be conclusively distinguished in the RGL.



The intracellular calcium dynamics of individual retinal ganglion cells were examined in the rat retinal slice preparation (n = 4 for each data point, mean ± SEM). The results for nicotine, the non-selective, low-potency agonist for nicotinic receptors, are displayed at the top of Figure 3. Nicotine was observed to reach a threshold dose at 2 μM and a saturating dose at 20 μM. This is consistent with cell culture experiments by Wehrwein et al. (47) who reported significant neuroprotection against glutamate toxicity from the range of 1 to 20 μM, with toxicity reported at 50 μM. This is consistent with the presence of nicotinic AChRs on RGCs in the RGL. Epibatidine is a high-potency, but relatively non-selective, agonist at α3 receptors. As expected, the threshold for epibatidine was in the low nanomolar range (1 nM), with a saturating dose between 10 and 20 nM. AR-R-17779 has been reported as a relatively high-affinity agonist with high selectivity for α7 nAChRs. AR-R-17779 reached a threshold dose at 2 μM and a saturating dose at approximately 20 μM. Collectively, these results and others support the existence of nAChRs on rat retinal ganglions as well as the existence of specific subtypes, such as the α7 nAChR.




Figure 3 | The intracellular calcium dynamics of individual retinal ganglion cells were examined in the rat retinal slice preparation. Results for nicotine, the non-selective, low-potency agonist for nicotinic receptors, are displayed at the top. Nicotine was observed to reach a threshold dose at 2 μM and a saturating dose at 20 μM. This is consistent with the presence of nicotinic AChRs on RGCs in the RGC layer. Epibatidine is a high-potency, but relatively non-selective, agonist at α3 receptors. As expected, the threshold for epibatidine was in the low nanomolar range (i.e., 1 nM) with a saturating dose between 10 and 20 nM. AR-R-17779 has been reported as a relatively high-affinity agonist with high selectivity for alpha7 nAChRs. AR-R-17779 reached a threshold dose at 2 μM and a saturating dose at approximately 20 nM.



RT-PCR experiments were conducted to determine if the mRNA for the α7 nAChR is present in the GCL of the rat retina. Cells from the GCL were dissected as clumps from retinal tissue using the LCM technique. LCM was conducted on the GCL from wild-type retina and from α7 knockout retina. Two samples of hippocampal cDNA were used as a positive control for α7 nAChRs, whereas no template was used as a negative control. As shown in the top of Figure 4, message was detected in hippocampal and wild-type tissue, whereas none was detected in the negative control and knockout retina. The bottom of Figure 4 shows that mRNA was found in LCM cells from the GCL, INL, and IPL. There is a clear but weak band present in the photoreceptor nuclear (Nuc) layer. This confirms studies from other investigators (68, 70), who have localized α7 AChRs to bipolar cells, in addition to RGCs.




Figure 4 | Clusters of cells from the GCL (RGCs and displaced ACs) were dissected from the retina using the “laser capture microdissection” (LCM) technique. LCM was conducted on the RGL from wild-type retina and from α7 knockout retina (A). Two samples of hippocampal cDNA were used as a positive control for α7 nAChRs, whereas no template was used as a negative control. As shown in (A), message was detected in hippocampal and wild-type tissue, whereas none was detected with the negative control and knockout retina. (B) shows the actin control. (C), shows that mRNA was found in LCM cells from the GCL, INL, and IPL. A weak but clear band is present, corresponding to the photoreceptor nuclear (Nuc) layer.



Additional RT-PCR experiments were conducted to confirm the message of α7 nAChRs in the human retina. The top portion of Figure 5 shows the results from the human retina, hippocampus (positive control), SHEP-1 cells (negative control), and sterile water (negative control) probed for human α7. The bottom of Figure 5 is the control experiment for β-actin with the same samples. These preliminary results support the localization of the α7 nAChR message in the human retina.




Figure 5 | RT-PCR of the human retina. The top panel shows the results produced with the human retina, hippocampus (positive control), SHEP-1 cells (negative control), and sterile water (negative control) probed for human α7 nAChR. The bottom panel is the control experiment for β-actin with the same samples. These results support the localization of the α7 nAChR message to the human retina.



ISH experiments were also conducted to confirm the location of the α7 receptor to RGCs in the retina. In Figure 6, the left image (A) is the α7 sense probe serving as the negative control. The middle image (B) is the β-actin antisense probe serving as the positive control. The right image (C) is the α7 antisense probe showing distinct labeling throughout the retina. There is strong labeling in the GCL (lower two black arrows). There is also labeling of cells at the border of the INL and IPL, suggestive of the conventional location of cholinergic starburst amacrine cells (middle black arrow). There is also diffuse labeling at the distal border of the INL suggestive of α7 receptors at the synapse of photoreceptors and bipolar cells (top black arrow), as others have also reported (71). However, this may also indicate horizontal cells. These results support the RT-PCR results indicating the location of the α7 nAChR to the GCL and possibly amacrine and bipolar cells (68) in the mammalian retina. These results also support the localization of α7 nAChRs to the photoreceptor outer segments and retinal pigment epithelium (RPE), as reported by Webster et al. (72) and Webster et al. (73). It appears that the β-actin labeling is specific to cones, but this cannot be confirmed. The role of β-actin in the structural integrity and physiological function of the RPE and photoreceptors is an active area of research (74). Collectively, these experiments demonstrate the identification and localization of the α7 nAChR to potential therapeutic targets in the mammalian retina.




Figure 6 | In situ hybridization experiments indicate the location of the α7 nAChR to the RGL of the retina. (A) is the sense-α7 probe serving as the negative control. The middle image (B) is the antisense β-actin probe serving as a positive control. The image on the right (C) is the antisense α7 probe showing punctate labeling throughout the retina. There is strong labeling through the GCL (lower two black arrows). There is also labeling of cells at the border of the INL and IPL, suggestive of the conventional location of cholinergic starburst amacrine cells (middle black arrow). There is also diffuse labeling at the distal border of the INL, suggestive of α7 receptors at the synapse of photoreceptors and bipolar cells (top black arrow).



Validation experiments (“proof of concept”) for the utility of a selective α7 nAChR agonist in neuroprotection were conducted after the previous experiments localized the α7 nAChR target to RGCs. As mentioned in the Introduction, PNU-282987 is widely regarded as a highly potent and selective agonist at the α7 nAChR. Therefore, one might expect it to provide neuroprotection in a model system. One in vitro model that has been widely used exposes isolated RGCs [obtained through an antibody panning process, 59)] to high levels of glutamate in the presence/absence of potential neuroprotective compounds. Figure 7 shows part of the results obtained during one such study (76). PNU-282987 was observed to be neuroprotective against glutamate-induced (500 μM) excitotoxicity. It was found to be effective in the low-to-mid nanomolar concentration range (n = 6 for each concentration, mean ± SEM, significant difference from glutamate-exposed at a p-value < 0.05). These preliminary studies were confirmed by Iwamoto et al. (75) who reported that the neuroprotective effect of 100 nM PNU-282987 against glutamate-induced toxicity was blocked with either 10 nM MLA or α-BTX with isolated rat RGCs. This supports the concept that the neuroprotective mechanism of PNU-282987 is mediated through α7 nAChRs. Follow-up studies using intravitreal injections (77) and eye-drop application (78) of PNU-282987 in the hypertonic saline injection model of glaucoma in rats support this proposed mechanism of α7 nAChR-mediated neuroprotection.




Figure 7 | A selective α7 nAChR agonist provides protection against glutamate-induced excitotoxicity. PNU-282987 was found to be effective in the low-to-mid nanomolar concentration range (n = 6 for each concentration, mean ± SEM, * = significant difference from glutamate-exposed at p < 0.05). Additional preliminary and published experiments with nicotine also showed a drop-off in protection at higher levels (47). Additional preliminary experiments with 10 nM PNU-282987 co-applied with 10 nM α-BTX showed a reduction in the neuroprotective effects of PNU-2822987 below the level of significance. Published results using 10 nM MLA and α-BTX also inhibited the protective effects of 100 nM PNU-282987 (75). Collectively, these results support the concept that the neuroprotective mechanism of PNU-282987 is mediated through α7 nAChRs.







Discussion

The preliminary target identification and validation results for the α7 nAChR in the retina can be summarized into three main findings: (1) the α7 AChR can be localized to the surface of retinal cells in the mammalian retina, (2) molecular studies support these findings by localizing the α7 nAChR to the RGL (among other locations) of mammals including humans, and (3) pharmacological cell culture studies support the concept that activation of the α7 nAChR on RGCs is neuroprotective and a potential therapeutic target for retinal diseases. Although one of the goals of this study was to establish the existence of the α7 receptor in the mammalian retina, species differences will have to be considered in further investigations of any potential therapeutic potential of a selective compound.

Interestingly, in addition to neuroprotection (i.e., preventing loss), the preliminary finding of the increased numbers of cells in the porcine retinal cell culture above control levels via α7 nAChR activation by PNU-282987 (79) was confirmed with isolated rat RGCs (75). This increase in RGC cell numbers was confirmed in the intact rat following 2 mM PNU-282987 eye-drop application (78). This raised the possibility that new cells were being generated with PNU-282987 in adult animals following eye-drop application. Why is neuroprotection the predominant effect with PNU-282987 following intravitreal injection and in RGC cell culture, while putative neurogenesis is observed with eye-drop application? One could postulate that RGCs receive a higher dose of PNU-282987 from the vitreous, as the compound diffuses past them first before other cells following intravitreal injections. This would lead to a predominantly neuroprotective effect on RGCs via activation of α7 nAChRs. Conversely, eye-drop application has a predominant effect on other cells in the retina (possibly outer retinal cells including the RPE) as the compound diffuses past them first toward the RGL, leading to proliferation. Webster et al. (72) elegantly demonstrated that this effect is mediated by α7 nAChRs on the RPE, which then direct Müller glia (MG) to dedifferentiate to produce other retinal neurons. The most recent evidence (73) indicates that PNU-282987 causes a bi-modal signaling event in which early activation primes the retina with an inflammatory response and developmental signaling cues, followed by an inhibition of gliotic mechanisms and a decrease in the immune response. This culminates with the upregulation of genes associated with specific types of retinal neuron generation. Taken together, these data provide evidence that PNU-282987 activates the retinal pigment epithelium to signal MG to produce MG-derived progenitor cells, which can differentiate into new functional neurons in adult mice. These studies not only increase our understanding of how adult mammalian retinal regeneration can occur, but also provide therapeutic promise for treating the loss of specific retinal neurons in different disease states [e.g., retinitis pigmentosa and glaucoma, (80)].

However, do these newly generated cells produce functional connections in retinal models of disease and trauma? Preliminary (81) and recently published results suggest they do (82). In the hypertonic saline injection model of glaucoma, new cells have been shown to proliferate when the injection procedure to elevate intraocular pressure is followed by PNU-282987 eye drops. Four weeks after daily eye-drop application the changes due to the injection procedure largely restore retinal morphology and ERG function to preinjection levels. In addition, Spitsbergen et al. (82) published reports showing that eye-drop application of PNU-28287 following a simulated “blast-damage” to the eye also restored retinal morphology and ERG response to a near pre-blast status. These preliminary and published results need to be confirmed and expanded into possible therapeutic avenues for treating vision loss due to disease and trauma.

The retinal “cholinergic tone” theory is supported by the observation that starburst amacrine cells are the first to die following the hypertonic saline procedure (31). One could propose that “replacement therapy” with a selective α7 nAChR agonist to substitute for the decrease in ACh release is effective in restoring “cholinergic tone” and providing neuroprotection for RGCs. However, the sequential process underlying the proliferative effect following α7 nAChR activation on the RPE and the subsequent MG dedifferentiation does not appear to be as straightforward. If the cholinergic (starburst) amacrine cells are the only cells in the adult mammalian retina to produce ACh, it would follow that RGCs should be targets and possess receptors. But why would the RPE located distally from the IPL (inner plexiform layer; i.e., site of ACh release) of the retina also possess functional α7 nAChRs?

One theory could be that during development, the nAChRs on the RPE are involved in the development of the eye, for example by regulating eye growth (83). This is based, in part, on the observation that a compound (chlorisondamine), which accumulates in neurons with nicotinic receptors, induced RPE layer degeneration. Maneu et al. (84) later provided evidence that α7 nAChRs are present on the RPE in the adult retina based on RT-PCR, immunohistochemistry (IHC), and Fura-2 imaging studies. These results led the authors to suggest that nAChRs could have a significant role in RPE physiology, which may not be related to a more traditional role in nerve transmission. It could more likely be related to the non-neuronal cholinergic system in the eye. Furthermore, in a model of long-term hypoxia, they reported that expression of α7 nAChRs was downregulated. This led them to propose that α7 nAChRs in the RPE could be involved in cell protection mechanisms (84). Regardless of the specifics of the origin of α7 nAChRs on the RPE, they do exist and after activation can induce MGs to generate new retinal cells that offer a therapeutic potential above and beyond the neuroprotection observed with the activation of α7 nAChRs on RGCs. This could lead to exciting possibilities in treating conditions that normally result in irreversible loss of vision.
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Linking the activity of neurons, circuits and synapses to human behavior is a fundamental goal of neuroscience. Meeting this goal is challenging, in part because behavior, particularly perception, often masks the complexity of the underlying neural circuits, and in part because of the significant behavioral differences between primates and animals like mice and flies in which genetic manipulations are relatively common. Here we relate circuit-level processing of rod and cone signals in the non-human primate retina to a known break in the normal seamlessness of human vision – a surprising inability to see high contrast flickering lights under specific conditions. We use electrophysiological recordings and perceptual experiments to identify key mechanisms that shape the retinal integration of rod- and cone-generated retinal signals. We then incorporate these mechanistic insights into a predicti\ve model that accurately captures the cancellation of rod- and cone-mediated responses and can explain the perceptual insensitivity to flicker.
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1 Introduction

Computation in neural circuits often relies on the distinct processing of input signals within different parallel pathways and the control of circuit outputs by the convergence and integration of these parallel signals. Although these computational processes recur throughout the central nervous system, there are very few circuits in which we know enough about which cell types belong to which pathways to relate mechanisms to circuit function, much less to behavior. Here we study retinal signaling and perception under conditions in which behavior depends on a combination of signals originating in the rod and cone photoreceptors. Under these conditions, interactions between rod and cone signals shape multiple aspects of visual perception (reviewed by (1–3)). Investigating the origin of these interactions provides a rare opportunity to relate the mechanisms governing parallel processing directly to perception.

Several common motifs shape parallel processing in neural circuits (reviewed by (4–6)). First, input signals can diverge to distinct parallel pathways which then process those common inputs differently. Common inputs, for example, typically diverge to excitatory and inhibitory subcircuits with distinct properties such as kinetics. Second, outputs of several parallel pathways can converge onto a target neuron or population of target neurons to control circuit outputs. Integration of excitatory and inhibitory synaptic inputs is a ubiquitous example of this motif. Third, interactions between parallel pathways can shape the signals that they convey. Lateral inhibition provides a common example of this final motif. Combinations of these motifs underlie many computational properties of neural circuits (reviewed by (7, 8)), including sharpening neural tuning, creating selectivity of different parallel circuit outputs for specific stimulus features, and separating signals of interest from other ‘background’ signals or noise.

The specific circuit properties responsible for sensory behavior are often obscured by the seamless nature with which we perceive the world. Breaks in this seamlessness can provide a window into the underlying mechanisms. Such an approach, for example, links nonlinear distortions produced in the inner ear to auditory perception (9, 10). Optical illusions are another example (11), although many are sufficiently complex that they likely rely on mechanisms located in multiple visual areas and hence are difficult to unravel. Here, we focus on a surprising break in the seamlessness of visual perception: an inability to see high contrast flickering lights that activate both rods and cones even though similar lights that activate only rods or only cones are visible (12). The requirement for coactivation of rods and cones and the dependence of this effect on the specific temporal frequency of the stimulus suggest a destructive interference between rod- and cone-mediated signals. Because rod and cone signals converge within the retina to modulate the responses of common retinal output cells (13–19), such interference is likely to occur within retinal circuits. Indeed, destructive interference of rod and cone signals is apparent in electroretinograms (20), although such measurements do not identify the mechanism or location of such interference.

Here, we test whether rod and cone signals interfere in the responses of primate retinal output neurons and the implications of such interference for the mechanistic operation of retinal circuits under conditions in which both rods and cones contribute to vision (i.e., mesopic conditions such as moonlight). We first reproduce the perceptual interference between flickering rod and cone signals seen previously (12). We then use similar stimuli to probe retinal output signals and find that rod and cone signals indeed destructively (and constructively) interfere within the retina. These experiments directly reveal the kinetic differences between rod and cone signals that underlie the destructive interference. Finally, we use our physiological results to construct a computational model that can account for the destructive and constructive flicker interactions and predict other temporal interactions between rod and cone signals. Together, these results link a clear and unexpected perceptual result to parallel processing within retinal circuits.




2 Results

To connect human perception and retinal processing, we performed parallel non-human primate electrophysiological experiments and human psychophysical experiments. Using the same stimulus conditions, we identified 1) retinal circuits that exhibit similar interactions to those observed perceptually, 2) signal properties that were necessary for the interactions, and 3) manipulations (e.g., phase shifts) that make predictive changes to the interactions that could be tested experimentally.



2.1 Rod-cone signal interference in human perception

We used several psychophysical tasks to probe perceptual interactions between time-varying rod and cone signals. These tasks relied on the ability to preferentially activate rod photoreceptors with dim short-wavelength light and long-wavelength sensitive (L) cones with long-wavelength light (see Methods and (21)).

Tasks #1 and #2 measured independent thresholds for rod- and cone-preferring flicker. After dark-adapting for 20 minutes, a rod- or cone-preferring stimulus was modulated sinusoidally in time in an observer’s peripheral visual field (2° spot at 10° eccentricity, 2 s duration; Figure 1A). After each stimulus presentation, observers indicated whether they could detect the flickering of the spot. The results were recorded and used to update the spot contrast (i.e. the change in luminance as a percentage of the mean) for the next presentation. This process was repeated multiple times to estimate perceptual flicker detection thresholds (see Methods). Blocks of rod- and cone-preferring stimuli were interleaved and analyzed separately. We repeated this process for a range of stimulus frequencies (4-9.5 Hz) to extract perceptual thresholds for isolated rod and cone flicker (Figure 1B). The threshold for rod flicker depended more strongly on frequency than that for cone flicker, as expected from previous work and the more rapid kinetics of cone-mediated responses (22, 23). In fact, at frequencies ≥10 Hz most observers (4 of 5) were unable to detect rod flicker at the maximum contrast (100%).




Figure 1 | Interference between rod- and cone-generated signals in human perception. (A) General setup for human perceptual experiments to probe rod-cone signal integration. (B, C) Mean flicker thresholds for rod- (B, blue) and cone- (C, red) isolating stimuli across a range of temporal frequencies. Purple data points reflect thresholds obtained from trial when both rod and cone stimuli flickered simultaneously. (D, E) Introducing phase shifts between rod and cone flicker (stimuli) shift interactions from destructive to constructive (e.g. 8 Hz; D) and vice-versa (e.g. 4 Hz; E). Data is pooled from 2 authors and 3 naive subjects.



Task #3 measured combined thresholds for rod- and cone-preferring flicker. We presented observers with simultaneously flickered rod- and cone-preferring stimuli at a fixed contrast ratio set by the thresholds for detection identified in Tasks #1 and #2 (see Methods). Observers repeated the threshold measurements described for Tasks #1 and #2 using these combined stimuli. We then determined the change in threshold for the combined stimuli compared to that for the independent rod and cone stimuli; a change in threshold of 0% means that the combined flickering stimuli were just detectable when the constituent rod and cone stimuli were at their individual thresholds. Perceptual thresholds for combined stimuli at frequencies ≤6.5 Hz were reduced compared to trials in which rod- and cone-preferring stimuli were flickered separately, whereas thresholds for combined stimuli at 8 Hz were increased (Figure 1C). These results are consistent with the perceptual experiments originally conducted by Don MacLeod (12), who hypothesized that shifts in flicker thresholds reflect constructive and destructive interference between rod and cone signals. Following this logic, the mode of signal interference (i.e., constructive or destructive) depends on the phase shift between responses to the rod- and cone-preferring stimuli; this phase shift in turn is determined by the delay between rod and cone signals produced within the associated neural circuits and the frequency of the stimulus.

Task #4 determined how thresholds for combined stimuli were affected by an added phase shift between the rod- and cone-preferring stimuli. The destructive signal interference hypothesis is based on the slower kinetics of rod signals compared to cone signals. If this hypothesis is correct, shifting the timing (or equivalently the phase) of rod-preferring stimuli relative to cone-preferring stimuli should modify rod-cone interactions (e.g., shift them from destructive to constructive) as the relative timing of rod and cone signals changes. Indeed, at 8 Hz, introducing a phase shift between the rod and cone stimuli substantially lowered perceptual thresholds compared to trials with zero phase shift (Figure 1D). Conversely, at 4 Hz, introducing a phase shift between rod and cone flicker substantially increased flicker thresholds (Figure 1E), although the dependence of threshold on the added phase shift was smaller than that observed for 8 Hz flicker. The systematic dependence of threshold on the relative phases of the rod and cone flicker provides additional evidence that perceptual thresholds reflect constructive and destructive interference between kinetically-distinct rod and cone signals.




2.2 Rod-cone signal interference in the retinal outputs

Rod- and cone-mediated signals converge within retinal circuits to modulate spike responses of a common set of retinal ganglion cells (Figure 2A; (25, 26)). Hence any visual area receiving input from the retina, including any area involved in the perceptual phenomena illustrated in Figure 1, receives intermixed rod- and cone-mediated signals. This anatomical and functional convergence predicts that rod-cone flicker interference might occur within the retina (12), and in vivo ERG experiments support this hypothesis (20).




Figure 2 | Interference between rod- and cone-generated signals in isolated non-human primate retina. (A) Diagram of the retinal circuits that convey rod and cone signals to ‘On’ and ‘Off’ retinal ganglion cells. Rod signals can be transmitted through multiple routes, but recent work (24 eLife) indicates that the dedicated rod bipolar pathway is the primary conduit in primates. Rod bipolar cells initially excite AII amacrine cells This in turn excites ‘On’ ganglion cells through gap junctions with presynaptic ‘On’ cone bipolar cells and inhibits ‘Off’ ganglion cells through both direct inhibition to the ganglion cell’s dendrites and inhibition of presynaptic ‘Off’ cone bipolar cells. Because signals from L- and M-cones are transmitted to ganglion cells through ‘On’ and ‘Off’ cone bipolar cells, rod-cone signal integration largely occurs within the axons of these bipolar cells. (B) Spike responses to cone (top, red), rod (middle, blue), or combined rod-cone (bottom, purple) flicker (2-10 Hz) in an On Parasol retinal ganglion cell. A strong suppressive interaction was observed when rod and cone stimuli were flickered together at 8 Hz. (C, D) Mean spike responses (sinusoidal fit, see Methods) as a function of stimulus frequency for 6 On Parasol RGC recordings (C) and 5 Off Parasol RGC recordings (D). (E, F) Relative timing differences (i.e phase shifts) between isolated rod and cone responses for On (E) and Off (F) Parasol RGCs. Markers and error bars in C-F represent mean ± SEM.



To directly test this proposal, we recorded the spiking activity of parasol RGCs from dark-adapted isolated primate retinas (see Methods) in response to rod- and cone-preferring stimuli like those used in Figure 1. For each experiment, we began by independently adjusting the contrasts of rod and cone stimuli (flickered at 8 Hz) to produce similar levels of spiking activity in On Parasol RGCs. These contrasts were then held constant as we probed responses of On and Off parasol RGCs across a range of temporal frequencies (2-10 Hz). On Parasol RGCs showed robust periodic spiking activity in response to cone flicker across all temporal frequencies tested (Figure 2B top row). Rod flicker also produced robust periodic activity in the same cells for frequencies below 10 Hz (Figure 2B middle row); rod-mediated responses rapidly declined in amplitude for frequencies above 10 Hz. Midget ganglion cells displayed weak contrast sensitivity to these stimuli, but those that did respond showed a qualitatively similar frequency dependence (data not shown).

On Parasol RGCs responded strongly to joint rod/cone flicker at stimulus frequencies ≤6 Hz and ≥10 Hz but showed little modulation at a stimulus frequency of 8 Hz (Figure 2B bottom row, Figure 2C). The gray lines in Figure 2B show the linear sum of the responses to rod and cone stimuli delivered individually. At low frequencies, responses to the joint stimuli approached the linear sum (sublinear behavior here is likely due to saturation of the firing rate as the peak firing rate to the joint stimuli often exceeded 300 spikes/s). Responses to the joint stimuli were also much smaller than the linear sum of the individual responses at 8 Hz; Off parasol RGCs showed a similar frequency-dependent response suppression at both 6 and 8 Hz flicker (Figure 2D). Saturation of the firing rate cannot explain this nonlinear interaction given the low firing rates. Instead, the small response at 8 Hz suggests a destructive signal interference like that needed to account for the perceptual results of Figure 1. At stimulus frequencies ≥ 10 Hz rod signals were very weak, whereas cone signals were robust. Hence, the lack of rod-cone interactions at these frequencies likely originates from an imbalance of rod and cone signal strength.

A closer inspection of the time course of responses to independent flicker revealed a lag in rod signals relative to cone signals; this lag became larger relative to the period of the stimulus for higher frequencies. We divided the relative delays by the stimulus period to estimate the phase shift between individual rod and cone responses (Figures 2E, F). This analysis indicates that at 8 Hz rod and cone signals are near-perfectly (i.e. 180 degrees) out of phase, hence maximizing interference. The relative timing of rod and cone signals in the retinal output is in close agreement with that inferred from perceptual flicker cancellation (Figure 1 and (12)).

If rod-cone signal interference depends on the relative timing of retinal signals, then we should be able to shift interactions from destructive to constructive and vice versa by introducing a delay between the rod and cone stimuli (as in the perceptual task of Figures 1D, E). At 8 Hz with zero phase shift (i.e. no delay), simultaneous presentation of rod and cone flicker produced only weak activity in RGCs (Figure 3A left). The introduction of a phase shift between the 8 Hz flickering stimuli was sufficient to shift rod-cone interactions from destructive to constructive (Figure 3A right, Figure 3B). Conversely, at 4 Hz with zero phase shift, simultaneous presentation of rod and cone flicker produced activity in RGCs that was greater in amplitude than responses to rod or cone flicker alone (Figure 3C left). Introduction of a phase shift to the 4 Hz stimuli shifted the rod-cone interactions from constructive to destructive (Figure 3C right, Figure 3D).




Figure 3 | Rod-cone interference can be constructive or destructive depending on the relative timing of the retinal responses. (A) Responses of an On Parasol RGC to 8 Hz flicker when the rod and cone stimuli are in-phase (left) or anti-phase (right). (B) Response amplitudes collected from 6 On Parasol RGCs to rod, cone or combined flicker for a range of phase shifts between the stimuli. Responses to 8 Hz flicker shift from constructive to destructive after introduction of a phase shift. (C, D) The same demonstration as (A, B), but this time using 4 Hz flicker. Responses to 4 Hz flicker shift from destructive to constructive after introduction of a phase shift.



Together, these results demonstrate that constructive and destructive interference of rod and cone signals within retinal circuits substantially shape signals sent to the magnocellular layers of the LGN. Furthermore, the dependence of these signal interactions on stimulus frequency and the relative timing of rod- and cone-preferring stimuli closely match those observed perceptually.




2.3 Absolute signal delays depend on stimulus frequency

Most attempts to model perceptual rod-cone flicker interactions assume summation of rod and cone signals with a fixed absolute delay between the signals; this delay is often assumed to be half the period of the stimulus frequency that maximizes cancellation (e.g., cancellation at 8 Hz corresponds to a 62.5 ms delay). Furthermore, this delay is assumed to arise from the slower light responses of rods compared to cones and the additional synapses involved in conveying rod signals through the retina (Figure 2A; (27)). Consistent with subsequent perceptual work (28), our direct recordings from On parasol RGCs indicate that the delay of rod signals relative to cone signals is not fixed but instead depends on stimulus frequency (Figure 4).




Figure 4 | Absolute timing data and vector summation model. (A) Spike responses (cycle-averaged PSTHs) of an On parasol RGC to a range of stimulus frequencies. (B) Time to first peak of the response to rod, cone or simultaneous modulation of spot contrast across frequency. Dashed lines represent the timing of the peaks and troughs of the sine wave stimuli. (C) Fitting measured data with a vector summation model. Empirically measured dynamic delays provide better estimates than fixed delays. (D) Goodness of fit for models using a range of fixed delays and an empirically-measured dynamic delay.



Cycle-averaged responses to rod, cone and combined flicker illustrate the relative timing of the retinal responses (Figure 4A). With increasing frequency, the delay of both rod- and cone-mediated responses relative to the stimulus increased and the separation between rod- and cone-mediated responses increased. Figure 4B summarizes these empirical measurements of response timing across cells and temporal frequency by plotting the time of the first peak of the response relative to the start of the stimulus cycle. The fixed-delay picture predicts that the vertical separation between the rod and cone traces remains constant. Instead, however, the delay between rod and cone signals increases with increasing temporal frequency (e.g. 2 Hz: 30 ± 9 ms vs. 8 Hz: 56 ± 5 ms, p=0.003, n = 6).

To test the impact of these frequency-dependent delays on the integration of rod and cone signals, we used a simple summation model in which we added sinusoidal responses, phase shifted to reflect either measured or assumed relative delays of rod and cone responses. We compared the results of this simple model to our empirical observations. The solid lines in Figure 4C show the results of this modeling for fixed rod-cone delays of 33 and 66 ms, approximating the relative delays often assumed for the fast and slow rod pathways (27, 29); the dashed line shows results for a dynamic delay model in which the delays have a frequency dependence taken directly from Figure 4B. Models incorporating a fixed delay were unable to account for the responses to the full range of frequencies tested. Models with a 33 ms fixed delay correctly predicted combined responses to low (e.g. 2-6 Hz) and high (e.g. 10 Hz) frequency stimuli (R2 = 0.9 for the full range of frequencies tested), but failed to accurately predict the observed cancellation frequency (Figure 4C). Models with a 66 ms fixed delay more accurately captured the cancellation frequency, but performed poorly at low frequencies (Figures 4C, D; R2 = 0.17). Models incorporating the measured frequency-dependent delays provided good predictions for the full range of frequencies tested (Figures 4C, D; R2 = 0.96 across frequencies).

These results argue that delays between rod and cone signals reaching ON parasol RGCs are not fixed, but instead depend dynamically on stimulus frequency. This suggests an additional layer of frequency-dependent signal filtering within the rod and cone pathways prior to signal summation. This is an important departure from the fixed-delay models that have been used to interpret psychophysical findings (see Discussion).




2.4 Rod-cone signal interference in the RGC excitatory synaptic inputs

Destructive rod-cone interactions in the retinal output could depend on several neural mechanisms, including the integration of excitatory and inhibitory synaptic inputs in the ganglion cells. To identify the origins of rod-cone signal interference, we isolated and recorded excitatory and inhibitory synaptic input to On Parasol RGCs using the whole-cell voltage-clamp technique (see Methods).

These recordings revealed destructive interference within the excitatory (Figures 5A, B) and inhibitory (Figure 5C) inputs to On Parasol RGCs at 8 Hz. As is the case for the spike outputs, the linear sum of the responses to the separate rod and cone stimuli failed to predict responses to the joint stimuli (Figure 5A). This failure is consistent with integration of rod and cone signals in On pathways prior to a rectifying nonlinearity. Our work and that of others suggest that rod and cone signals are integrated in the axons of On cone bipolar cells and that the combined signal is then rectified as it passes to the RGC through a classic chemical (glutamatergic) synapse (Figure 2A). We quantified the rod-cone interaction using a nonlinear interaction index (II, see Methods), where a value of 1 represents complete suppression and a value of zero reflects a simple linear sum. The II for spikes, excitatory synaptic input and inhibitory synaptic input at 8 Hz was 0.83 +/- 0.03 (n=6), 0.91 +/- 0.03 (n=6), and 0.69 +/- 0.06 (n=5) (Figure 5F). These results argue that the destructive interference observed at 8 Hz in the RGC spike output is largely inherited from the integration of rod and cone signals in upstream retinal circuits rather than integration of excitatory and inhibitory synaptic inputs in the RGC itself.




Figure 5 | Rod-cone interference is present in the excitatory and inhibitory synaptic inputs to RGCs. (A) Voltage-clamp recordings of excitatory synaptic input to an On Parasol RGC in response to 8 Hz rod (blue trace), cone (red trace), or combined (rod-cone) flicker (grey trace). (B, C) Excitatory (B) and inhibitory (C) synaptic response amplitudes (sinusoidal fit, see Methods) for stimulus frequencies ranging 2-10 Hz for 6 On Parasol RGC recordings. (D) Relative timing differences (i.e phase shifts) between isolated rod and cone excitatory inputs to On Parasol RGCs. (E) Same as in (D) but for inhibitory synaptic input. (F) Plot of the rod-cone nonlinear interaction index (see Methods) as a function of stimulus frequency. Recordings of excitatory and inhibitory synaptic input reveal a similar degree of destructive interference to that of spike recordings. Markers and error bars in B-F represents mean ± SEM.



Excitatory (Figure 5D) and inhibitory (Figure 5E) synaptic inputs also exhibited frequency-dependent phase shifts similar to those observed in spike recordings (Figure 2E). The similarity of the phase shifts for excitatory inputs and spike responses indicates that the dynamic delays explored in Figure 4 are a property of retinal circuits rather than an intrinsic property of the ganglion cells.




2.5 Predictive model for rod-cone signal integration in the retina

Sensory networks encounter a steady stream of temporally- and spatially-varying information, and a true understanding of a given system includes the ability to predict the system’s response across a broad range of stimuli. With this long-term goal in mind, we developed a kinetic model that can predict retinal responses to arbitrary time-varying rod and cone stimuli, including interactions between them (21).

Our model of retinal integration is rooted in the framework of linear-nonlinear (LN) cascade models (30). This general class of computational models is composed of two empirically-derived elements (Figure 6B): 1) a linear filter that accounts for the response kinetics, and 2) a static or time-independent nonlinearity that accounts for properties such as rectification at synapses or in spike generation. To estimate these model elements, rod- or cone-preferring spatially-uniform gaussian noise (cutoff frequency = 40 Hz; Figure 6A) was delivered to the retina while recording excitatory synaptic input to On Parasol RGCs. Both stimuli elicited RGC responses of comparable strength. The relation between the stimulus and response was used to extract linear filters and static nonlinearities for both rod and cone stimuli (Figure 6B, right; see Methods). As previously observed (21), filters derived using rod stimuli were slower and typically more biphasic than filters derived for cone stimuli, whereas rod- and cone-derived nonlinearities had similar shapes. To verify the accuracy of our individual LN model components, we tested whether predictions of single rod or cone models matched the measured excitatory synaptic inputs in response to the corresponding rod or cone stimuli (Figure 6C). Across cells, rod and cone models performed similarly well, with an average fraction of variance explained of ~0.8 (Figure 6D).




Figure 6 | A simple linear-nonlinear model supports pre-synaptic integration of rod and cone signals. (A) left The model architecture for a single-pathway model – a linear filter stage followed by a nonlinear transformation. right Each stage of the model is trained on excitatory current data from On Parasol RGCs, in response to rod and cone targeted white noise stimuli. Presented here are the mean single model fits and variance across 5 different cells. (B) Example data traces, with the model predictions overlaid. (C) The single model performances across five cells is presented as the measure of explained variance of the model. (D) Two different three-stage model architectures are presented. On the left, the two branches of the rod-cone model integrate after independent nonlinear transformations, corresponding with exclusively post-synaptic integration. On the right, the two branches integrate before a common nonlinear transformation, corresponding with exclusively pre-synaptic integration. (E) top Uncorrelated rod and cone targeted noise stimuli are presented simultaneously in experiments to find the best model architecture. Bottom Example trace, qualitatively demonstrating the common nonlinearity model outperforming the independent nonlinearity model. (Supplementary Figure 3 shows a performance breakdown across different rod and cone contributions to the final signal.) (F) Quantification of common nonlinearity model outperformance across all five cells, as measured by the explained variance.



The individual components of the rod and cone LN models were used to construct a single model that predicts excitatory synaptic currents in response to simultaneous time-varying rod and cone stimuli (Figure 6A, right). Our goal was to determine the order of operations most consistent with the joint rod-cone responses. Specifically, we compared a model in which rod and cone signals are combined prior to rectification (Figure 6E right: common NonLinearity model), to a model in which rod and cone signals are combined after rectification (e.g. in the ganglion cell; Figure 6E left: independent NL model). In the common NL model, the filtered rod and cone signals are scaled, linearly summed, and passed through a common static nonlinearity taken as the average of the independently fit rod and cone nonlinearities (see Methods). In the independent NL model, the filtered signals are transformed separately by their respective nonlinear functions, and then linearly summed. No additional parameters are varied to optimize model predictions in either model. The output of either model is a time-varying signal in units of synaptic current.

To test the two model architectures, uncorrelated rod and cone noise stimuli were presented simultaneously to the retina (Figure 6A, right). Figure 6F compares predicted responses from the common and independent nonlinearity models with the empirically-measured response. We quantified this comparison using the explained variance (Figure 6G). The common nonlinearity model outperformed the independent nonlinearity model in all cases. These findings corroborate the findings from the voltage clamp recordings in Figure 5, as well as previous work (21), indicating that at least some rod and cone signal integration occurs prior to a shared nonlinear circuit element.

We used the model to identify stimuli in which the pre-synaptic integration of rod and cone signals likely shapes ganglion cell inputs the most. To do this, we organized the simultaneous noise stimuli by the value of their rod and cone generator signals (i.e. stimuli passed through the corresponding linear filters) and compared the performance of the two models in this space (Supplementary Figure 3). The independent NL model failed particularly for stimuli that elicited anti-correlated rod- and cone- mediated responses (Supplementary Figure 3C, see top left and bottom right quadrants); such anticorrelated responses are produced, for example, by the 8Hz flicker (Figures 2E, F). A similar approach should allow identification of other stimuli that are predicted to lead to weak or strong rod-cone interactions (see Discussion).




2.6 Predictive model correctly predicts response kinetics and rod-cone flicker interference

We next tested whether the model developed in Figure 6 can correctly predict the appropriate delays (Figure 5D) and interference between rod and cone flicker that shapes both human perception (Figure 1) and retinal outputs (Figure 2). Revisiting this specific stimulus using the model allowed us to test the consistency of our behavioral, mechanistic, and computational findings. Like direct recordings of excitatory synaptic input to On Parasol RGCs, the output of the common nonlinearity model predicts a high degree of suppression when rod and cone stimuli were presented together at 8 Hz (Figure 7A; measured traces repeated from Figure 5). The model also accurately predicts the phase shifts between rod and cone responses (Figure 7B) across frequency and the absolute amplitude of the rod-cone interactions (Figure 7C) at 8 Hz. Central to the success of the model is the large difference in kinetics of the linear filters for rod and cone stimuli (Figure 7B, inset) and the summation of rod- and cone-mediated responses prior to a shared nonlinearity (Figure 6E, right).




Figure 7 | Computational model accurately predicts rod-cone retinal interference in excitatory synaptic input. (A) top Recording of excitatory synaptic inputs to rod, cone, and combined flicker at 8 Hz. Bottom Modelled responses to rod, cone and combined flicker at 8 Hz for the same cell. (B) The rod-cone kinetic model captures the frequency-dependence of rod-cone signal delays (i.e. phase shifts. Inset shows linear filters from gaussian noise stimuli, as in Figure 6. (C) The rod-cone kinetic model accurately predicts the amplitude of the empirically-measured rod-cone nonlinear interaction index from the same On Parasol RGCs.







3 Discussion

Vision at light levels between moonlight and dawn relies on a combination of signals generated by rod and cone photoreceptors. Under these conditions, interactions between rod- and cone-mediated signals shape many aspects of visual perception (reviewed by (1–3, 31). These interactions are likely to begin within the retina since rod and cone signals converge within the retinal circuitry to modulate signals prior to transmission down the optic nerve (25, 26, 32). The circuits conveying rod and cone signals through the retina, including potential sites of interaction, are well known (13, 15–18). Here we exploit these properties of mesopic vision to show how common features of parallel processing in neural circuits can explain a perceptual insensitivity to high-contrast flickering lights that produce responses in both rod and cone photoreceptors (12).



3.1 Linking the mechanisms controlling parallel neural processing to perception

Interactions between rod and cone signals shape the chromatic, spatial and temporal sensitivity of human perception (reviewed by (1–3)). While the importance of these interactions for how we see has been appreciated for many years, several issues have made it challenging to identify the mechanistic basis of these interactions. First, many rod-cone interactions likely involve both retinal and cortical circuits and isolating the contributions of each circuit can be difficult (21). Second, it is difficult to generalize between rod-cone interactions in primates and rodents due to differences in visually-guided behavior, in the architecture and cellular composition of retinal circuits, and in the routing of signals through those circuits (24). Third, the smoothness of visual perception often obscures the complexity of the operation of the underlying circuits - e.g. despite constant involuntary eye movements, we perceive the world steadily.

Here, we investigated the mechanistic substrate for a specific break in the seamlessness of visual perception: a surprising insensitivity to high-contrast flickering lights that activate both rod and cone photoreceptors (12). MacLeod suggested that this perceptual insensitivity originated from destructive interference of rod and cone signals in retinal circuits. Our findings confirm this suggestion and identify the retinal circuits and mechanisms within those circuits responsible. We find that destructive interference of rod and cone signals in human perception and in the retinal output share a similar dependence on temporal frequency and phase shift between rod and cone stimuli. These features could be explained by differences in the kinetics of the parallel circuits conveying rod and cone signals through the retina and the convergence of these signals prior to a shared nonlinearity. This provides a clear link between the mechanisms shaping parallel processing and the control of perceptually-relevant circuit outputs.

Several features allowed us to make a tight connection between retinal signaling and perception. First, the perceptual insensitivity to flicker suggests specific kinetic differences between rod and cone signals. Second, the relevant interactions between these kinetically distinct signals likely occur within the retina since rod and cone signals are combined prior to the retinal output. And third, understanding of these kinetic differences makes clear and testable predictions about how specific stimulus manipulations will impact perception. Other perceptual phenomena sharing some of these features - such as independence of adaptation in different photoreceptor types (33, 34) - provide appealing targets for similar attempts to link circuit mechanisms, function and perception.




3.2 Dynamic temporal delays

Interpretation of psychophysical studies of rod-cone interactions often relies on assumptions about how rod signals traverse the retina. A common assumption is that rod signals traverse the retina through different circuits at different light levels. Specifically, the assumption is that the rod bipolar pathway dominates at low mesopic light levels and the (assumed faster) rod-cone pathway, mediated by gap junctions between rods and cones, contributes substantially at high mesopic light levels (Figure 2). Evidence for this mechanism comes largely from work in rodents (35). Our recent work (24) argues that the situation is different in primate retina, and that rod signals exhibit a broad range of luminance-dependent kinetics but are restricted to the rod bipolar pathway across light levels.

Rod-cone perceptual interactions have often been interpreted with the assumption that, at a given light level, rod signals are delayed relative to cone signals by a fixed amount across stimulus frequencies (but see 28). Our data is inconsistent with this fixed-delay assumption (Figure 4); instead, we found that the delay between rod and cone signals depends on temporal frequency. This implies, given the restriction of rod signals to the primary pathway (21, 24), that frequency-dependent differences in rod and cone signals are inherent to their respective pathways (including the photoreceptors). For example, mechanisms that control signal gain in the primary rod bipolar pathway—e.g. feedback components within rod phototransduction, Ih conductance in rods, synaptic depression at the rod bipolar->AII synapse, and reciprocal feedback inhibition– are known to have substantial influence on rod signal kinetics (24, 36–39); some of the same mechanisms may be involved here. The apparent differences between the mechanistic operation of magnocellular-projecting retinal circuits under mesopic laboratory conditions and the assumptions often used to link these circuits to human perception will require re-evaluating the mechanistic basis of established psychophysical findings. That said, perceptual interactions in human vision likely involve additional retinal pathways or interactions downstream of the retina that are not captured by our targeted recordings from parasol ganglion cells in the non-human primate retina.

Another perceptual result that is often tied to rod-cone flicker cancellation is the insensitivity to rod flicker at 15 Hz (27). This perceptual result is interpreted as a cancellation of rod signals traversing fast and slow pathways in the retina (40, 41). In our experiments, luminance was fixed (~20 R*/rod/s) while observers adjusted contrast until they could detect flicker (Figure 1). At the luminance level tested here, most observers failed to detect rod flicker at frequencies ≥10 Hz, so we are unable to report on the mechanistic basis of this perceptual result (higher luminance is likely required). However, we have recently shown, by tracking rod signals through the primate retina across light levels, that rod signals are largely restricted to the primary rod bipolar pathway across light levels (21, 24). This suggests that another form of rod signal divergence, other than divergence into fast and slow excitatory pathways, is likely responsible for the insensitivity to 15 Hz rod flicker (e.g., divergence into excitatory and inhibitory pathways that converge within the retina). It is also possible that the dilution of neuromodulators in our ex vivo preparation removes molecules that are important for ‘turning on’ additional pathways. On the other hand, our recordings from mice under the same laboratory conditions revealed substantial contributions from the secondary and tertiary pathways, arguing, at least partially, against this possibility (24).




3.3 Predictive model

Rod-cone interactions are typically studied using highly unnatural stimuli, and understanding rod-cone interactions in natural vision will require exploring a much larger stimulus set. This process can be made efficient by using predictive, empirically-derived models rooted in known mechanisms to explore the role, or competing roles, specific circuit mechanisms play in processing. These predictions can then be tested experimentally, and discrepancies between data and model can shed light on weaknesses in the model architecture and/or reveal previously unknown mechanisms.

With this long-term goal in mind, we sought to develop a predictive model that captured the destructive interference between rod and cone signals. The current instantiation of our model focuses on predicting an On ganglion cell’s excitatory synaptic inputs, particularly the kinetic properties of those inputs. We found that differences in kinetics of rod and cone signals and a shared nonlinearity operating after the signals were combined could account for destructive interference. We hope that extensions of the model to include inhibitory circuits, receptive field subunits and spike generation will allow identification of other stimuli for which rod-cone signal interactions might play an important role in shaping retinal outputs and perception.





4 Methods



4.1 Human Psychophysics

The human psychophysics apparatus consisted of one 60 Hz LCD computer monitor (1920 × 1200 Dell, model U2412M) controlled by a Mac mini computer running Psychtoolbox for Matlab (42, 43). NDF0.6, ‘Bright pink’, and ‘Scarlet’ gel filters (Rosco Ecolour, Stamford, CT) were mounted to the front of the monitor to control luminance and suppress wavelengths between 500–600 nm, thus improving the photoreceptor selectivity of the red and blue phosphors. Human observers fixated a small cross while red (peak power at 640 nm; L-cone-preferring) and blue (peak power at 444 nm; rod-preferring) 2° spots were presented at ∼10° eccentricity to the observer’s retina.

In the rod equivalent matching task, additional NDF2 and NDF0.5 filters were added. Dark adaptation time was 30 minutes. There were three subtasks: (1) finding the rod threshold, (2) finding the L-cone threshold, (3) determine the rod activity associated with the red LED (e.g. the rod equivalent match). In the first subtask, observers adjusted the intensity (measured in R*/L-cone/second) of a red spot in their periphery until it was barely detectable. In the second subtask, observers adjusted the intensity of a red patch until hue was barely detectable. In the third subtask, the observer was shown a fixed intensity red patch for 800ms, then an adjustable blue patch for 600ms, then the same initial fixed intensity red patch again for 600ms. For this subtask the observer adjusted the intensity of the blue spot until it matched the apparent intensity red signal. The intensity of the fixed red spot was kept at 75% under the cone (hue) threshold and 25% above the rod (patch detection) threshold. Based on this unique measurement of rod activity elicited by the red spot for each observer we were able to improve the selectivity of the red flash for L-cone activation by using temporally-matched proportional decrements in the blue mean (i.e. silent substitution).

In the flicker detection threshold task, the NDF2 and NDF0.5 filters were removed. Dark adaptation time for these experiments was 20 minutes. Observers adjusted the contrast of a flickering spot between 5-95% (decreasing the contrast if the flicker was detectable, or increasing the intensity if the flicker was not detected) until they had reversed the direction of their adjustment (referred to as a ‘crossing’) 8 times. From these crossing values we calculated the threshold from the weighted averages between crossings. The combined mean was kept constant at 2 R*/rod/s. After achieving a threshold the task automatically advanced to the next trial, 4-6 trials were conducted for each condition and weighted thresholds were averaged across trials. An adaptive algorithm was included to speed the time required to find an observer’s threshold; the size of the contrast adjustments were decreased after every crossing. To minimize onset effects, the patch was initially presented statically at the mean luminance for 0.5 seconds, followed by 2.5 s of sinusoidal flicker at an adjustable contrast.

There were two types of flicker experiments, the first explored rod-cone interactions across temporal frequencies and the second tested the effect of temporal delays (i.e. phase shifts) at two frequencies (4 and 8 Hz). In the first experiment, we tested four frequencies (4, 6.5, 8, 9.5 Hz), with three conditions (L-cone targeted flicker only, rod-targeted flicker only, then rod-cone combined flicker) at each frequency. Values obtained from the independent presentation of rod- or cone-preferring stimuli were used to fix the contrast ratio for rod and cone stimuli on trials with combined presentation. In the second experiment, the observer’s task was identical. Again, the ratio between the rod and cone thresholds was determined from independent stimuli presentation at a single frequency (8 Hz). Cone-preferring stimuli were then temporally offset (from rod-preferring stimuli) during combined presentations by phase shifts of 0°, 45°, 90°, 135°, and 180°.




4.2 Tissue preparation and storage

Non-human primate retina was obtained through the Tissue Distribution Program of the Regional Primate Research Center at the University of Washington. Experiments were conducted on whole mount preparations of isolated primate retina as previously described (44, 45). In brief, pieces of retina attached to the pigment epithelium were stored in ∼32–34°C oxygenated (95% O2/5% CO2) Ames medium (Sigma, St Louis, MO) and dark-adapted for >1 hr. Pieces of retina were then isolated from the pigment epithelium under infrared illumination and flattened onto polyL-lysine slides. Once under the microscope, tissue was perfused with oxygenated Ames medium at a rate of ∼8 ml/min.




4.3 Electrophysiology

Extracellular recordings from ON and OFF Parasol retinal ganglion cells were conducted using ∼3 MΩ electrodes containing Ames medium. Voltage-clamp whole-cell recordings were conducted with electrodes (3–4 MΩ) containing (in mM): 105 Cs methanesulfonate, 10 TEA-Cl, 20 HEPES, 10 EGTA, 2 QX-314, 5 Mg-ATP, 0.5 Tris-GTP and 0.1 Alexa (488, 555 or 750) hydrazide (∼280 mOsm; pH ∼7.3 with CsOH). Current-clamp whole-cell recordings from horizontal cells were conducted with (5–6 MΩ) electrodes containing (in mM): 123 K-aspartate, 10 KCl, 10 HEPES, 1 MgCl2, 1 CaCl2, 2 EGTA, 4 Mg-ATP, 0.5 Tris-GTP and 0.1 Alexa (488, 555 or 750) hydrazide (∼280 mOsm; pH ∼7.2 with KOH). In initial experiments, cell types were confirmed by fluorescence imaging following recording. To isolate excitatory or inhibitory synaptic input, cells were held at the estimated reversal potential for inhibitory or excitatory input of ∼−60 mV and ∼+10 mV. These voltages were adjusted for each cell to maximize isolation. Absolute voltage values have not been corrected for liquid junction potentials (K+-based = −10.8 mV; Cs+-based = −8.5 mV).

Visual stimuli (diameter: 500–560 μm) were delivered to the preparation through a customized condenser from blue (peak power at 460 nm) or red (peak power at 640 nm) LEDs. Light intensities (photons/μm2/s) were converted to photoisomerization rates (R*/photoreceptor/s) using the estimated collecting area of rods and cones (1 and 0.37 μm2, respectively), the stimulus (i.e., LED or monitor) emission spectra and the photoreceptor absorption spectra (46, 47). The blue and red LEDs produced a mean of ∼20 R*/rod/s and ∼200 R*/L-cone/s. Rod- and cone- preferring flashes were 10 ms in duration.




4.4 Modeling

Components of the Linear-nonlinear Cascade model (Figure 6) were derived from voltage-clamp recordings of full-field white noise (0-40 Hz bandwidth) using the long and short wavelength LEDs as previously described (21, 30). Model components were verified by taking the model’s explained variance from data with the same noise stimuli presented. Model predictions to the sine wave stimuli were a result of a three-stage process: 1) rod and cone stimuli are convolved with the respective linear filters 2) filtered signals are summed and 3) combined signal is passed through the average nonlinearity. The continuous output signals are in units of picoAmps.

The vector summation interference model (Figure 4) reflects a linear summation of rod and cone signal amplitudes scaled by the degree to which the signals are in phase (i.e. cosine function). Signal interactions in this model depend on stimulus frequency and the time delays and amplitudes of the responses to individually delivered stimuli.
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The retina is comprised of diverse neural networks, signaling from photoreceptors to ganglion cells to encode images. The synaptic connections between these retinal neurons are crucial points for information transfer; however, the input-output relations of many synapses are understudied. Starburst amacrine cells in the retina are known to contribute to retinal motion detection circuits, providing a unique window for understanding neural computations. We examined the dual transmitter release of GABA and acetylcholine from starburst amacrine cells by optogenetic activation of these cells, and conducted patch clamp recordings from postsynaptic ganglion cells to record excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs). As starburst amacrine cells exhibit distinct kinetics in response to objects moving in a preferred or null direction, we mimicked their depolarization kinetics using optogenetic stimuli by varying slopes of the rising phase. The amplitudes of EPSCs and IPSCs in postsynaptic ganglion cells were reduced as the stimulus rising speed was prolonged. However, the sensitivity of postsynaptic currents to the stimulus slope differed. EPSC amplitudes were consistently reduced as the steepness of the rising phase fell. By contrast, IPSCs were less sensitive to the slope of the stimulus rise phase and maintained their amplitudes until the slope became shallow. These results indicate that distinct synaptic release mechanisms contribute to acetylcholine and GABA release from starburst amacrine cells, which could contribute to the ganglion cells’ direction selectivity.




Keywords: acetylcholine, GABA, synapse, kinetic, postsynaptic currents, EPSCs, iPSCs, optogenetic





Introduction

Visual perception begins at the back of the eye in the retina, where many types of neurons form neural circuits. Photoreceptors encode photon flux reflecting from the environment and transmit this information to downstream neurons, including approximately fifteen types of bipolar cells, sixty types of amacrine cells, and dozens of ganglion cells (1–8). Unique synaptic connections between distinct types of neurons are thought to form multiple parallel neural circuits that process particular aspects of visual signals, such as color and motion (9–13).

Among retinal circuits for visual feature detection, one of the best characterized neural circuits enables tracking the direction of a moving object, including type 2, 5, and 7 bipolar cells (14–17), starburst amacrine cells (SACs) (9, 18), and direction-selective ganglion cells (19–21). SACs are neurons that demonstrate asymmetric direction selective responses to moving objects, and are comprised of “ON” and “OFF” types that track bright or dark moving edges (22, 23). Furthermore, SACs exhibit larger “preferred” directional responses for centrifugal motion (from soma to peripheral dendrites) than for “null” directional responses for centripetal motion (from peripheral dendrites to the soma). Ca2+ imaging from the SAC distal dendrites reveals a directional response with significantly higher Ca2+ signals for preferred rather than null moving stimuli (18, 24, 25), suggesting that objects moving in the preferred direction facilitate greater neurotransmitter release from SAC peripheral dendrites. In contrast, voltage responses from the SAC soma by patch clamp recordings exhibit directional responses in a different manner. In addition to showing subtle amplitude differences, a moving stimulus in the preferred direction evokes a steeper depolarization response than motion in the null-direction (24, 26, 27). However, the significance of the distinct depolarization kinetics in motion detection circuits has not been understood.

To address these questions, we used a mouse line with channelrhodopsin2 (ChR2)-expressing SACs and conducted patch clamp recordings from postsynaptic retinal ganglion cells (RGCs). We stimulated the ChR2-expressing SACs with bright light that varied in stimulus rise time while recording excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs) from RGCs. We found that distinct SAC depolarization kinetics differentially evoked postsynaptic excitation and inhibition, which may contribute to the asymmetric directional responses of downstream motion-sensing RGCs.





Methods




Animals

Experiments were performed using healthy adult mice (4-12 weeks old, male or female). The Chat-IRES-Cre mice (RRID : IMSR_JAX:031661) were crossed with Ai32-ChR2-YFP mice (RRID : IMSR_JAX:024109) for optogenetic experiments. Animals were housed in 12-hour light-dark cycles. All animal procedures were approved by the Institutional Animal Care and Use Committee at Wayne State University (protocol no. 17-11-0399). All the necessary steps were taken to minimize animal suffering. The tissues were harvested immediately after the animal was euthanized by CO2 inhalation and cervical dislocation.





Retinal preparation

The experimental techniques were similar to previously described (6, 16). Briefly, mice were dark-adapted at least one hour prior to dissection. The eyes were enucleated and the retina was isolated and cut into flat-mount preparations. All procedures were performed in dark-adapted conditions under infrared illumination using infrared viewers. The dissecting medium was cooled and continuously oxygenated. Retinal preparations were stored in an oxygenated dark box at room temperature.





Whole-cell recordings

Whole-cell patch clamp recordings were made from YFP labeled ON-SACs or blindly targeted RGC somas in wholemount retinal preparations by viewing them with an upright microscope (Slicescope Pro 2000, Scientifica, UK) equipped with a CCD camera (Retiga-2000R, Q-Imaging, Surrey, Canada). Tissues were immobilized using a platinum horseshoe net with nylon wires over the tissue. L-EPSCs and L-IPSCs were recorded from ganglion cells by voltage clamping held the membrane potential at -55 and 0 mV, respectively. Light-evoked voltage responses were recorded from SACs at the resting membrane potential. All recordings were performed at 32-34°C. The electrodes were pulled from borosilicate glass (1B150F-4; WPI, Sarasota, FL) with a P1000 Puller (Sutter Instruments, Novato, CA) and had resistances of 6–9 MΩ. Clampex and MultiClamp 700B (Molecular Devices, San Jose, CA) were used to generate the waveforms, acquire the data, and control light stimuli by a light-emitting diode (LED) (Cool LED, Andover, UK). The data were digitized and stored on a personal computer using Axon Digidata 1440A (Molecular Devices). The responses were filtered at 1 kHz with the four-pole Bessel filter on the MultiClamp 700B and sampled at 2–5 kHz.





Solutions and drugs

The retinal dissections were performed in HEPES-buffered extracellular solution containing the following (in mM):115 NaCl, 2.5 KCl, 2.5 CaCl2, 1.0 MgCl2,10 HEPES, and 28 glucose, adjusted to pH 7.37 with NaOH. Physiological recordings were performed in Ames’ medium buffered with NaHCO3 (Millipore-Sigma) and bubbled with 95% O2 and 5% CO2; the pH was 7.4 at 32 – 34°C. The intracellular solution contained the following (in mM):110 potassium methylsulfonate, 10 HEPES, 4 EGTA, 5 NaCl, 5 KCl, 1 MgCl2, 4 ATP-Mg, and 1 GTP-Na, adjusted to pH 7.2 with KOH. For voltage-clamp recordings, the intracellular solution contained the following: 110 cesium methylsulfonate, 10 HEPES, 10 TEA-Cl, 4 EGTA, 1 MgCl2, 5 mM QX-314, 4 ATP-Mg, and 1 GTP-Na, adjusted to pH 7.2 with CsOH. To block photoreceptor inputs to bipolar cells and SACs, 10 µM L-AP4 (Tocris), 1 µM ACET (Tocris), and 50 µM GYKI53655 (Tocris, Bristol, UK) were perfused in the bath solution.





Optogenetic stimulation

Retinal wholemount tissues were light-adapted at 1 x 105 photons/µm2/s in the recording chamber. Photoreceptor blockers, described above, were bath applied to isolate ChR2 evoked current. A 1s step light (500nm, 1 x 1010 photons/µm2/s, 150µm diameter) was used to optogenetically depolarize ON and OFF-SACs. Then, the rising phase of the stimulus was altered from 10 to 990 ms to reach the peak stimulus amplitude, while the total stimulus duration was held to 1s for all stimuli. Optogenetic stimuli had interstimulus intervals of 10s.





Data analysis

SAC depolarization phase was curve fit with a double exponential equation:

	

For SAC depolarization analysis, a mixed-model repeated-measures ANOVA was used. For RGC EPSCs and IPSCs analysis, a mixed-model ANOVA was used to compare the amplitudes between 10ms and other time-evoked responses (Prism v.9, GraphPad Software, San Diego, CA). The repeated and mixed-model ANOVA were run with a Geisser-Greenhouse correction to account for possible violations of the assumption of circularity/sphericity, followed by a Tukey’s multiple comparisons test to obtain the adjusted p-values.






Results

The ChR2-expressing SAC mouse line (Ai32 x ChAT-cre) has been used to study SAC synaptic transmission (16, 28, 29). We first examined the kinetics of ChR2-mediated depolarization of SACs in response to varied optogenetic stimulus rise times, mimicking the steep vs. shallow rise times of the asymmetric depolarization evoked by preferred vs. null directional stimuli (24, 26, 27). We conducted whole cell patch clamp recordings from ON SACs in SAC-ChR2 mice while pharmacologically isolating them from photoreceptor input. SAC cell identity was confirmed by observing their unique morphology using YFP fluorescence and IV relations (16, 22). ChR2-mediated depolarization of SACs was evoked in response to optogenetic stimuli of 10, 100, 300, 600, and 990 ms rise times (Figure 1A). SACs depolarized with distinct kinetics to the optogenetic stimuli with varied rise time. Because the depolarization phase has non-linear kinetics, we fit an exponential curve (see Method section) and compared the time constant (tau) for the initial depolarization phase in response to distinct optogenetic stimuli (Figure 1B). The correlation of the curve fit exhibited above 98% for all cases. The time constant increased when the rise time of optogenetic stimulus increased (p<0.05, N=5 SACs, repeated ANOVA). The result indicated that the ChR2-SAC mouse line is suitable for investigating how subtle temporal changes in SAC depolarization evokes differential postsynaptic excitation and inhibition.




Figure 1 | SAC voltage changes in response to distinct kinetics of ontogenetically stimuli. (A) SAC voltage responses evoked by 10 ms, 100 ms, 300 ms, 600 ms, and 990 ms triangle rise time stimuli. Traces in black were individual sweeps, and the trace in red indicate an average of five recordings. The rise time is indicated below each stimulus. (B) A summarized graph showing the time constant (tau) of SAC response rise phase as a function of the stimulus rise time (N=5 SACs). It revealed that ChR2 responded linearly as the light stimuli temporal aspects changed.



Subsequently, we conducted patch clamp recordings from postsynaptic RGCs to assess the outcome of differential SAC depolarization kinetics. We initially applied a step light optogenetic stimulus, and if the cell exhibited ChR2-evoked postsynaptic currents, we proceeded with further recordings. Because recordings were conducted in the presence of glutamate receptor blockers to isolate ChR2 activation (detailed in the Method section), EPSCs and IPSCs in RGCs were considered cholinergic and GABAergic, respectively (Figure 2A). When we prolonged the rise time of the optogenetic stimulus, EPSC amplitude decreased (Figure 2B, left). On average, EPSCs decreased significantly when the stimulus rise time increased (p<0.05, repeated ANOVA, n=15 RGCs from 10 mice, each time point consists of 4-15 cells, Figure 2B, left).




Figure 2 | EPSPs and IPSPs varied when the rising phase of SAC stimuli changed. (A) Representative Sweeps of IPSCs (upper) and EPSCs (lower) obtained from a ganglion cell in response to optogenetic stimuli of 10 ms to 990 ms rise times. (B) (left) Normalized EPSCs in ganglion cells as a function of SAC stimuli rise time (black, n=15 RGCs) with average responses shown in blue. (middle) Normalized IPSPs (black, n=9 RGCs) with average IPSC shown in red. (right) The average EPSCs and IPSCs amplitudes are plotted with asterisks displaying a p< 0.05 when comparing the IPSC and EPSC response of the same triangle rise time. (C) The latency between stimulus onset to response onset time. Five RGCs that exhibited both EPSCs and IPSCs were selected and compared their latencies. (left) EPSC latencies and average in blue. (middle) IPSC latencies and average in red. (right) The average EPSC and IPSC latencies were overlaid, displaying no differences.



In contrast, IPSCs were less sensitive to changes in stimulus rise time. Although the stimulus rising phase was prolonged, IPSC amplitudes were similar up to 300 ms (p>0.1, repeated ANOVA, n=9 RGCs from 7 mice, each time point consists of 4-9 cells, Figure 2B, middle). The average EPSC and IPSC amplitudes were overlaid in Figure 2B right, showing that EPSC amplitudes were more susceptible to the rising phase of SAC depolarization. In contrast, the latency between the stimulus and response onset did not show a difference between EPSCs and IPSCs (Figure 2C). These results suggest differential release of GABA and acetylcholine at SAC-RGC synapses. The differential synaptic transmission of excitation and inhibition could contribute to generating direction selective signaling in postsynaptic RGCs.





Discussion

SACs possess a unique and exquisite dendritic morphology, which has been investigated for decades, leading to their identification as a crucial component of retinal motion detection (9, 18, 30). SACs also contain dual neurotransmitters, releasing both GABA and acetylcholine, similar to dozens of other types of amacrine cells that release multiple neurotransmitter types, however SACs are the only type of amacrine cells to release acetylcholine. (8). Even with this unique transmitter combination the synaptic release mechanisms of SACs’ are not fully understood.

Lee et al. (31) conducted dual patch clamp recording from SACs and postsynaptic direction-selective ganglion cells (DSGCs), and found that DSGCs receive both GABAergic and cholinergic synaptic transmission from SACs. However, the Ca2+-dependency of SAC transmitter release differs; cholinergic release requires high Ca2+ in the intracellular solution (1.5 mEq), whereas GABAergic release occurs even with low Ca2+ in the intracellular solution (0.2 mEq). They further found that differential Ca2+ channels regulate the dual transmitter release: N-type for cholinergic and P/Q-type for GABAergic transmission. The P/Q channels and N channels exhibit slightly different voltage gated dependencies (32, 33), which may generate differential synaptic transmission.

Differential transmission from SACs has been reported. Pottackal et al. (29) used optogenetic SAC stimulation and found that cholinergic transmission is more transient than GABAergic transmission, attributable to differential postsynaptic receptor kinetics. Furthermore, in the rabbit retina, GABAergic inputs to DSGCs saturates at a lower contrast than cholinergic and glutamatergic inputs do, indicating that differential gain control system contributes to SAC direction selectivity (34). Also, in the mouse retina, spatiotemporal properties of cholinergic and GABAergic transmissions are distinct in response to low-contrast visual stimuli (28). These reports revealed that differential mechanisms govern the dual synaptic transmissions from SACs to RGCs, although both acetylcholine and GABA are released from single SACs.

Previous reports have shown that preferred and null directional moving stimuli evoke steeper or shallower EPSPs in SACs, respectively (24, 26, 27). Our results show that EPSCs (cholinergic) and IPSCs (GABAergic) are differentially regulated by presynaptic depolarization kinetics. The differential effects might be shaped by presynaptic release dynamics as well as postsynaptic receptor properties, including receptor kinetics and pre-postsynaptic locations, either point-to-point synaptic or volume transmission. Corresponding to SAC release of GABA and acetylcholine, postsynaptic receptors in RGCs are primarily nicotinic acetylcholine and GABA-A receptors. Both receptors rapidly desensitize, which would not explain the distinct temporal sensitivities between EPSCs and IPSCs.

However, differences in the site of presynaptic transmitter release and postsynaptic synaptic locations might affect the temporal sensitivity. In SAC-DSGC synaptic transmission, GABA transmission is synaptic, whereas cholinergic is considered to occur by volume transmission (29, 35). Bolus synaptic release by sharp depolarization would activate both types of receptors. However, sustained transmitter release might affect the volume transmission by diffusion or transporter activities before transmitters reach the distant postsynaptic site. Therefore, our results might be explained by different cholinergic and GABAergic release dynamics such as distinct Ca2+ sensitivities (31) and presynaptic-postsynaptic location differences between GABAergic and cholinergic transmission.

Furthermore, Pottackal et al. (29) observed a difference in latency between GABAergic and cholinergic transmissions from SACs, and concluded that cholinergic transmission is paracrine in nature. However, we did not see a difference in latency between the stimulus and response onset for EPSCs and IPSCs. This is probably due to our experimental limitation that our data consisted of a diverse group of ganglion cell types. This heterogenous population may consist of cells that receive SAC inputs by point-to-point and paracrine transmission.

How does the temporal sensitivity difference between EPSCs and IPSCs affect the direction selectivity in ganglion cells? Our results indicate that rapid depolarization of SAC dendrites induces greater EPSCs in postsynaptic ganglion cells than slower, more prolonged SAC depolarization, whereas GABAergic inhibition was less sensitive to depolarization kinetics (Figure 2B, right). These results indicate that null-directional motion input to SACs generates slower depolarization, leading to a net balance toward inhibition of RGCs. This EPSC/IPSC balance may contribute to the transmission of directional information from SACs to postsynaptic ganglion cells.

As RGCs were blindly patched in this study, recordings of postsynaptic cells contained a variety of RGC types, including ON, OFF, and ON-OFF RGCs, most likely including DSGCs in addition to other types. Since SACs are classically known for their central role in communicating motion information laterally across retinal circuits, our data suggest that SACs could also signal motion information to other RGC types as well. Although the significance of SAC transmission to non-DS RGCs is uncertain, all RGCs we included exhibited EPSCs, IPSCs, or both during optogenetic stimuli.

Finally, SACs’ compartmentalization and gating system (25, 36) isolates the soma from the rest of the dendritic field, and patch clamp recordings from the soma may not fully detect the electric changes in dendrites. However, our results indicate that subtle changes in SAC depolarization as revealed at the soma might contribute to the SAC’s directionally selective transmitter release.
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The ability of the visual system to relay meaningful information over a wide range of lighting conditions is critical to functional vision, and relies on mechanisms of adaptation within the retina that adjust sensitivity and gain as ambient light changes. Photoreceptor synapses represent the first stage of image processing in the visual system, thus activity-driven changes at this site are a potentially powerful, yet under-studied means of adaptation. To gain insight into these mechanisms, the abundance and distribution of key synaptic proteins involved in photoreceptor to ON-bipolar cell transmission were compared between light-adapted mice and mice subjected to prolonged dark exposure (72 hours), by immunofluorescence confocal microscopy and immunoblotting. We also tested the effects on protein abundance and distribution of 0.5-4 hours of light exposure following prolonged darkness. Proteins examined included the synaptic ribbon protein, ribeye, and components of the ON-bipolar cell signal transduction pathway (mGluR6, TRPM1, RGS11, GPR179, Goα). The results indicate a reduction in immunoreactivity for ribeye, TRPM1, mGluR6, and RGS11 following prolonged dark exposure compared to the light-adapted state, but a rapid restoration of the light-adapted pattern upon light exposure. Electron microscopy revealed similar ultrastructure of light-adapted and dark-adapted photoreceptor terminals, with the exception of electron dense vesicles in dark-adapted but not light-adapted ON-bipolar cell dendrites. To assess synaptic transmission from photoreceptors to ON-bipolar cells, we recorded electroretinograms after different dark exposure times (2, 16, 24, 48, 72 hours) and measured the b-wave to a-wave ratios. Consistent with the reduction in synaptic proteins, the b/a ratios were smaller following prolonged dark exposure (48-72 hours) compared to 16 hours dark exposure (13-21%, depending on flash intensity). Overall, the results provide evidence of light/dark-dependent plasticity in photoreceptor synapses at the biochemical, morphological, and physiological levels.
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Introduction

The ability of the retina to adapt to different lighting conditions is essential to vision, and impairment of this ability reduces quality of life. Therefore, a better understanding of the cellular processes that regulate light sensitivity at all levels of the visual system is critical. Human vision operates over a vast 109 log units of light intensity. To optimize vision over this entire range, the response properties of the retina change as a function of luminance at both the cellular and network levels. At the network level, the retina utilizes specialized circuits during the night (rods) and during the day (cones) (1). At the cellular level, molecular mechanisms of light adaptation are well understood in photoreceptor outer segments, where phototransduction takes place (2). In contrast, little is known about adaptation mechanisms at mammalian retinal synapses where photoreceptors contact their postsynaptic targets in the outer plexiform layer (OPL). Photoreceptor synapses represent the first stage of image processing in the visual system, and as such, adaptation mechanisms at this site are likely to have profound effects on vision.

Photoreceptors form biochemically and structurally specialized “ribbon synapses”, which support tonic glutamate release onto the dendrites of two classes of post-synaptic neurons: bipolar cells that transmit visual signals to the inner retina and horizontal cells that provide inhibitory feedback to cones and a feedforward signal to cone bipolar cells (Figure 1). Photoreceptors are hyperpolarized by light, depolarized by darkness, and modulate the rate of glutamate release in response to changes in light intensity. Rod synaptic terminals, called spherules, have a single active zone that contacts two rod bipolar cell (RBC) dendrites and two horizontal cell dendrites that protrude into an invagination of the spherule (Figure 1) (3). The active zone is defined by the synaptic ribbon to which synaptic vesicles are tethered and which runs perpendicular to the plasma membrane at the invagination. Cone terminals, called pedicles, are much larger and contain multiple active zones (~10 in mouse cones) (3), each with a synaptic ribbon and each contacting two horizontal cell dendrites and an array of bipolar cell dendrites (Figure 1). Cone pedicles make synaptic contacts with multiple cone bipolar cell types that fall into two broad classes, ON-bipolar cells and OFF-bipolar cells, that depolarize (ON) or hyperpolarize (OFF) to light according to the type of glutamate receptor they express. OFF-bipolar cells express ionotropic glutamate receptors, whereas ON-bipolar cells express a unique metabotropic receptor, mGluR6 (4). Similar to cone ON-bipolar cells, all RBCs are ON-type and utilize the mGluR6 signal transduction pathway. In all ON-bipolar cells, mGluR6 controls the gating of the TRPM1 cation channel via the heterotrimeric G protein, Go, and associated regulatory proteins, including RGS11 and GPR179 (reviewed in Martemyanov and Sampath, 2017; 5).




Figure 1 | Diagram of photoreceptor synaptic terminals. Rod spherules have one active zone that contacts two horizontal cell dendrites and two rod bipolar cell dendrites. A single cone pedicle contains multiple active zones, each of which contacts two horizontal cell dendrites and dendrites of multiple subtypes of ON and OFF cone bipolar cells. RBC, rod bipolar cell; ON-BC, ON-bipolar cell; OFF-BC, OFF-bipolar cell; SR, synaptic ribbon.



Electroretinogram recordings from mice and rats indicate that light- and dark-adaptation occur not only in photoreceptor outer segments, but also at photoreceptor synapses (6, 7). Additionally, electrophysiological studies using genetically-modified mice, in which key steps in retinal processing are inactivated, point to photoreceptor to ON-BC transmission as an important site of light-adaptation synaptic plasticity (8, 9). Photoreceptor synapses have a complex, yet stereotypical architecture that is conserved across species and intimately tied to the faithful encoding of luminance changes. Activity-driven changes in the biochemistry or geometry of photoreceptor synapses would directly affect synaptic transmission, and thus represent a potentially powerful, yet under-studied means of adaptation. To gain insight into mechanisms of adaptation in the OPL, we compared the morphology, as well as the abundance and distribution of key pre- and post-synaptic synaptic proteins under different states of light- and dark-adaptation.





Materials and methods

To examine light-dependent changes in retinal proteins, C57BL6 mice were maintained on a 12 hr light-dark cycle, and retinas were removed after exposure to either 6-8 hours of indoor light (400 lux); 16, 24, 48, or 72 hours of darkness; or 72 hours of darkness followed by between 0.5-4 hours of light. To minimize circadian effects, light and dark exposures were timed such that all retinas were collected between 10 am and noon. Circadian effects cannot be ruled out entirely; however, as the period of most mice is less than 24 hours. Dark-adapted retinas were quickly removed (< 1 min) under dim red light (0.5 – 1.1 lux). Retinas were either immediately fixed for immunofluorescence and electron microscopy, or extracted with RIPA buffer for western blotting.




Antibodies

Validation abbreviations are as follows: IB (immunoblot), IF (immunofluorescence), KO (knockout), HEK (transfected cells). Antibodies to RGS11, TRPM1 (sheep), and mGluR6 (mouse) were generous gifts of Ted Wensel (Baylor College of Medicine, Houston, TX), Kirill Martemyanov (Scripps Biomedical Research Institute, Jupiter, FL), and Melina Agosto (Dalhousie University, Halifax, Canada), respectively.





Immunofluorescence

Light-adapted and dark-adapted retinas to be compared were processed in parallel, with cryosections mounted on the same slide and labeled with the same solutions. Retina sections were prepared and immunohistochemistry was performed as described previously (16) using primary antibodies listed in Table 1. Secondary antibodies were: anti-rabbit IgG, anti-mouse IgG, anti-sheep IgG, and anti-human IgG conjugated to either Alexa Fluor 594 or Alexa Fluor 488, (all used at 1:2000; Invitrogen, Grand Island, NY). Fluorescence images of retina sections were acquired with an Olympus FluoView FV1000 confocal microscope using a 60x/1.42 oil immersion objective. Brightness and contrast were enhanced using Adobe Photoshop (Adobe Systems Inc, San Jose, CA). Identical settings for image acquisition and enhancement were used for images that were to be compared to each other.


Table 1 | Primary antibodies.







Western blotting

Retinal extracts were subjected to electrophoresis on precast 4% to 12% polyacrylamide gradient gels (Novex; Invitrogen, Carlsbad, CA). The separated proteins were electrophoretically transferred to PVDF membranes, which were probed with different antibodies, as previously described (14). Secondary antibodies conjugated to IR dyes were used at a dilution of 1:10,000, and visualized with an infrared imaging system (Odyssey; Li-Cor, Lincoln, NE). Band intensity was quantified with Licor Image Studio.





Electroretinogram

Electroretinograms (ERGs) were recorded from WT C57BL6 mice as previously described (17). Mice were dark-adapted and then prepared for recording under dim red light. Mice were anesthetized with an intraperitoneal injection of ketamine and xylazine (100:10 mg/kg) and maintained with supplemental 30:3 mg/kg anesthesia injections approximately every 35 minutes. Body temperature was maintained at 36 — 37°C by placing the mouse on a circulating-water heating pad. Before ERG recording, the pupils were dilated with 2.5% phenylephrine and 1% tropicamide and the cornea was anesthetized with 1.0% proparacaine. A custom made cone placed over the snout allowed delivery of O2 which helped minimize breathing artifacts during recording. The ERG was recorded from a platinum needle electrode bent at 90°, placed in contact with the center of the cornea with a small amount of 2.5% methylcellulose gel. A platinum ring reference electrode was placed around the eye and a ground electrode was placed in the tail. The mouse and heating pad were then advanced into a Ganzfeld diffusing sphere and light stimuli were provided by custom made LED photoflash units. The flash intensity could be controlled by altering flash duration (between 30 μsec and 1 msec) and current through the LED. A 3.0 log unit neutral density filter was used to further extend the flash intensity range. Flash intensities were measured using a photometer (Model IL1700; International Light, Newburyport, MA) fitted with a scotopic filter in integrating mode that gave results as scotopic (sc) candela second per square meter (cd-s/m2). Scotopic and photopic ERGs were amplified at a gain of 5000, and band-pass filtered (0.1 to 1k Hz). Data were acquired with a data acquisition board (sampling rate: 10 kHz; National Instruments, Austin, TX). Traces were recorded with customized software (ERGlab, Dr Richard Weleber, Casey Eye Institute, Portland, OR).





Electron microscopy

Whole eyes were dissected and perforated through the peripheral cornea before being incubated in a fixative of 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer (PB) for 5 minutes. The eyes were then halved along the corneal periphery and the retinas were extracted. The isolated retinas were fixed overnight at 4°C, washed in PB, and incubated in 1% osmium in PB for 30 minutes. After three PB washes, retinas were dehydrated in an ethanol series (30%, 50%, 70%, 95% for 5 minutes; twice in 100% for 10 minutes), followed by two propylene oxide exchanges (10 minutes each), and an overnight incubation in a 1:1 mixture of propylene oxide and Embed812 resin. The next day, retinas were incubated in 100% resin for 2.5 hours, embedded, and baked at 60°C for 24 hours. Ultrathin sections (silver, 60 nm) were collected onto copper grids and imaged using an FEI Tecnai T12 operating at 80Kv.






Results

Electrophysiological recordings of light responses from mouse rod bipolar cells (both patch-clamp recordings from single cells in retinal slices and in vivo electroretinograms) are often performed on animals that have been dark adapted for 12-24 hours. Yet, most immunohistochemistry and anatomy studies are performed on light-adapted retina. This difference in light/dark adaptation between the physiological and anatomical preparations prompted us to investigate light- and dark-dependent immunohistochemical and morphological changes in the outer plexiform layer of the mouse retina.




Prolonged dark exposure changes the distribution and labeling patterns of key retinal proteins

The distribution of retinal proteins was compared between light-adapted and dark-adapted states. Compared to the light-adapted retina, immunofluorescent labeling of synaptic proteins was largely unchanged following brief periods of dark adaptation (1-2 hours, not shown), but was dramatically reduced following prolonged dark exposure of 24-72 hours. Figure 2 shows pairs of light-adapted (6-8 hr light) and dark-exposed (72 hr) retina sections labeled by immunofluorescence for PKCα (RBCs), calbindin D (horizontal cells), recoverin (photoreceptors), Goα (ON-BCs and inner retina), TRPM1 (ON-BC cell bodies and dendrites), and ribeye (photoreceptor and bipolar cell synaptic ribbons). The experiment was repeated three or more times for each antibody with similar results each time. Recoverin immunofluorescence revealed a change in the distribution of recoverin labeling from photoreceptor outer segments in the dark exposed state to photoreceptor synaptic terminals in the light-adapted state, similar to what has been previously described (18). Goa immunofluorescence appeared brighter over the ON-BC dendrites in the light-adapted retina compared to the dark-exposed retina. PKCα labelling was performed with two antibodies: a mouse monoclonal that is conformation-dependent plus a rabbit polyclonal that is conformation-independent. The monoclonal antibody binds to the hinge region of PKCα that is accessible when PKCα binds calcium in its active state. As we have demonstrated previously (19), both antibodies label RBCs in the light-adapted state, but only the conformation-independent antibody labels RBCs following prolonged dark exposure. Immunofluorescent labeling of horizontal cells with the calbindin D antibody was similar in intensity between the light-adapted and dark-exposed states, but the labeling pattern changed. Horizontal cell dendritic tips appear larger in the retina subjected to prolonged dark exposure, consistent with previous reports of light-dependent changes in horizontal cell morphology (20, 21). The most dramatic difference was observed for ribeye and TRPM1; labeling for both was substantially reduced in the retina subjected to prolonged darkness. Both proteins are involved in synaptic transmission in the outer plexiform layer between photoreceptors and ON-BCs, with ribeye, the main structural component of the synaptic ribbons, localized presynaptically, and TRPM1, the ON-BC transduction channel, localized post-synaptically. TRPM1 and ribeye immunofluorescence following 24 hours and 48 hours of dark exposure produced similar results as 72 hours dark exposure, but with slightly more ctbp2 labeling at 24 hours (data not shown).




Figure 2 | Immunofluorescent labeling of retinal proteins differs between the light-adapted state and prolonged dark adaptation. Retina sections from mice exposed to standard indoor light for 4-6 hours (light-adapted) or to 72 hours of darkness were double labeled with the following pairs of antibodies: PKCα - conformation-specific antibody (green) plus conformation-independent antibody (red), Goα (green) plus recoverin (red), ribeye (green) plus TRPM1 (red); and single labeled for calretinin (red). Confocal images were collected and processed using identical settings for each pair of light-adapted and dark-adapted retina sections. Scale bars represent 10 μm.







Light exposure following prolonged darkness rapidly restores the distribution and labeling intensity of ON-BC proteins to the light-adapted state

We next examined the transition from the prolonged dark-exposed state to the light-adapted state for ribeye, TRPM1, Goα, and PKCα, as well as additional proteins involved in the ON-BC light response (mGluR6, RGS11, and GPR179). Mice were either light-adapted (6-8 hours) or exposed to 72 hours of darkness followed by 0, 0.5, 1.0, 2.0, or 4.0 hours of light. To assess light-dependent changes in protein distribution and abundance, retinal cryosections were labeled by immunofluorescence for ribeye, TRPM1, mGluR6, GPR179, and RGS11 (Figure 3A). To measure light-dependent changes in protein expression, retinal extracts were immunoblotted for ribeye, TRPM1, RGS11, mGluR6, Goα, and PKCα, and immunoreactive bands quantified by densitometry (Figures 3B, C). Figure 3B shows examples of immunoblots for each protein and Figure 3C shows the quantification from quadruplicate blots (triplicate for ribeye) with protein levels normalized to the light-adapted mean.




Figure 3 | Light-dependent changes in proteins at photoreceptor to ON-BC synapses. (A) Immunofluorescent labeling of the different proteins was compared in retinas from mice following normal light adaptation (LA: 12 hr dark + 6-8 hr indoor light), or 72 hours of darkness followed by 0, 0.5, 1, or 4 hours of exposure to indoor light. The proteins examined included a presynaptic ribbon protein (ribeye) and postsynaptic components of the ON-BC signal transduction pathway (TRPM1, mGluR6, GPR179, RGS11, and Goα), as well as the RBC kinase, PKCα. To the right of each row of confocal images are fluorescence intensity profiles for the 0 hr (red) and light-adapted (LA, green) images. The scale bar represents 10 μm for the Goα images and 20 μm for all other images. Retina sections from 4 mice were labeled for each condition. For each antibody, labeling was similar across the quadruplicate sections and representative images are shown. (B) Immunoblots of ribeye, PKCα and ON-BC proteins (TRPM1, mGluR6, RGS11, and Goα) from mice that were either light-adapted or dark exposed for 72 hours followed by 0, 0.5, 1, 2, or 4 hours of exposure to indoor light. To compare changes in protein concentration between the different states, equal quantities of protein were loaded per lane. Each sample was prepared from four retinas from four mice (the other retina from each mouse was used for the immunofluorescence in (A)). (C) Immunoblot bands were quantified by densitometry and normalized to the light-adapted levels. Standard errors were derived from quadruplicate blots (except for ribeye, which used triplicate blots). Significant differences relative to the 72 hr dark-exposed state are indicated with asterisks above the error bars (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).



Ribeye: As in Figure 2, ribeye immunofluorescence almost disappeared after 72 hours of dark exposure compared to the light-adapted state (Figure 3A, top row). Surprisingly, 30 min of light was sufficient to restore ribeye immunofluorescence to light-adapted levels. Immunoblotting revealed a decrease in ribeye expression of approximately 50% in the prolonged dark-exposed state compared to the light-adapted state. Following 72 hours in the dark, light exposure rapidly increases the intensity of the ribeye bands, so that only 30 min in the light increases ribeye immunoreactivity approximately four times that detected after prolonged darkness and 2 times that under normal light-adapted conditions. Ribeye immunoreactivity remained similarly elevated from 30 min to 4 hours of light exposure.

TRPM1: Overall, TRPM1 immunofluorescence was dimmer following prolonged dark exposure compared to any of the light-exposed timepoints (Figure 3A, second row). The most striking difference in TRPM1 labeling between the dark-exposed and light-adapted retina sections was the marked reduction of TRPM1 labeling in ON-BC dendritic tips in the 72 hr dark-exposed retina sections. This is especially obvious for RBCs, whose labeled dendritic tips dot the OPL in all of the light exposed sections, but are barely visible in the 72 hour dark exposed section. TRPM1 labeling associated with cone ON-BC dendrites appears as bright bars of labeling in the OPL of light exposed sections. Similar to the TRPM1 labeling of RBCs, TRPM1 immunofluorescence associated with cone ON-BC dendritic tips was much reduced following 72 hours in the dark compared to the light-adapted state. TRPM1 labeling of ON-BC cell bodies was also reduced following 72 hours of dark exposure, though the reduction in somatic labeling was variable between experiments (for example, compare TRPM1 labeling in Figures 2, 3). As for ribeye labeling, 30 min of light exposure following 72 hours of darkness was sufficient to produce the light-adapted pattern of TRPM1 labeling, with strong immunofluorescence in ON-BC dendritic tips. Immunoblotting (Figures 3B, C) revealed that the amount of TRPM1 is unchanged by light or dark exposure, indicating that the light-dependent changes in immunofluorescence in Figures 2, 3A are unlikely to reflect changes in protein concentration. Rather, the decrease in immunofluorescence following prolonged darkness may indicate a change in the protein that prevents antibody binding, such as a change in conformation, binding to another protein, or a post-translational modification such as phosphorylation.

mGluR6, GPR179, RGS11: Antibodies to all three ON-BC transduction proteins labeled RBC and cone ON-BC dendritic tips in the OPL in light-exposed conditions as well as following prolonged dark exposure (Figure 3A, 3rd - 5th rows). Labeling for mGluR6 appeared stronger with increasing light exposure. GPR179 immunofluorescence changed little between the dark- and light-exposed states. For RGS11, labeling of light-adapted sections and 72 hour dark-exposed sections was similar, but 0.5 to 4 hrs in the light following 72 hours of dark exposure increased the intensity of RGS11 labeling, with the strongest labeling occurring after an hour of light exposure. The changes in immunofluorescence labeling of retina sections correlated with changes in the retinal concentration of each protein as indicated by the band intensities in the immunoblots (Figure 3B).





Electron-dense vesicles are present in dark-adapted ON-BC dendrites

The ultrastructure of rod and cone synapses from mice that were either light-adapted (6-8 hours) or dark-adapted (16-24 hours) was compared by electron microscopy. EM micrographs of rod spherules (Figure 4A) appear similar in the light- and dark-adapted conditions with respect to synaptic ribbons, synaptic vesicles, and the arrangement of RBC and HC dendritic tips within the spherules. A notable exception is the presence of numerous electron-dense vesicles in the dark-adapted RBC dendrites, which were rarely seen in the light-adapted retinas. Electron-dense vesicles were also present in post-synaptic processes at cone pedicles in dark-adapted but not light-adapted retinas (Figure 4B). The identity of these vesicles is unknown, but it is tempting to speculate that they may contain components of the mGluR6-TRPM1 signaling pathway that are being removed from the plasma membrane following extended dark exposure. This is supported by our observation that TRPM1 disappears from ON-bipolar cell dendritic tips following prolonged darkness (Figure 3A) despite no change in total TRPM1 levels (Figures 3B, C). Photoreceptor synaptic ribbons were prominent in both light-adapted and dark-adapted retina sections, suggesting that the dramatic decrease in ribeye immunolabeling in the dark-adapted retina (Figure 3A) is not due to disappearance of the ribbons.




Figure 4 | EM micrographs of light-adapted and dark-adapted photoreceptor active zones. (A) Rod spherules: Electron dense vesicles are present in rod bipolar cell dendrites in the dark-adapted state, but are rarely seen in the light-adapted state. Horizontal cell dendrites are indicated with pink asterisks. (B) Cone pedicles: electron dense vesicles are present in some post-synaptic processes in the dark-adapted state, but not in the light-adapted state. The scale bar in each image represents 200 nm.







Prolonged dark exposure decreases ERG amplitudes

We used electroretinogram recordings to assess the effect of dark-adaptation time on photoreceptor to ON-bipolar cell transmission. The ERG provides a physiological measurement of retinal function in response to a light flash. The initial component of the ERG waveform is a downward deflection termed the a-wave that is generated by photoreceptor hyperpolarization. The subsequent upward deflection is termed the b-wave and reflects the depolarization of ON-bipolar cells (22). Thus, the ERG waveform distinguishes between adaptation in phototransduction (which would affect both the a-wave and b-wave) from adaptation at the photoreceptor synapse (which would affect the b-wave without affecting the a-wave). For scotopic ERGs, mice are dark adapted and responses recorded to flashes against a dark background. The responses are driven by rods, with cones contributing at brighter flash intensities. Because the bipolar cell response is dependent on upstream photoreceptor activity, we normalized the b-wave amplitude to the a-wave amplitude for each light intensity by calculating the b-wave to a-wave ratio. We examined the effect of dark adaptation time on b/a-wave ratios by recording ERGs after 2, 16, 24, 48, or 72 hours of dark exposure. Representative ERG traces are shown in Figure 5A for 2, 16, and 72 hours of dark exposure. Dark adaptation of 16 and 24 hours produced the largest b/a waves, and this dark adaptation range (16-24 hours) corresponds to our standard scotopic ERG protocol. Prolonging dark exposure to 48 and 72 hours led to smaller b/a-wave ratios, with the smallest b/a ratios occurring following 72 hours of dark exposure, though the difference relative to 16 hours was not significant at the brightest intensity. Dark adaptation of 2 hours also resulted in smaller b/a-wave ratios relative to 16 hours, but the difference was not significant at any flash intensity.




Figure 5 | ERGs from mice following different dark exposure times. (A) Representative ERG traces from mice that were dark exposed for 2, 16, or 72 hours. Flash strength = -0.06 log(cd*s/m2^). (B) Scotopic ERGs were recorded from mice that had been dark exposed for 2, 16, 24, 48, or 72 hours. The mean b-wave to a-wave ratios are plotted for light intensities that gave a measurable a-wave (-0.06 to 2.41 log(cd*s/m^2)). Values for individual eyes are indicated with red circles. Significant differences relative to the 16 hr dark-adapted state (our standard dark-adaptation time) are indicated with asterisks (*P ≤ 0.05, **P ≤ 0.01).








Discussion

We found marked changes in the expression and distribution of ON-bipolar cell proteins and proteins involved in photoreceptor to ON-bipolar cell transmission in animals subjected to prolonged dark exposure compared to light-adapted animals (Figures 2, 3). Prolonged dark exposure led to a decrease in immunofluorescence for several key signal transduction proteins in ON-BC dendrites (TRPM1, RGS11, mGluR6) due to either an apparent reduction in protein concentration (RGS11 and mGluR6) or redistribution (TRPM1). Exposure to indoor light for 4 hours or less following the 72 hours in darkness largely restored the light-adapted pattern of immunolabeling (Figure 3A). This was particularly striking for ribeye and TRPM1 for which a light-adapted pattern of immunofluorescence required only 30 min of light exposure. Considering the decrease in signal transduction protein abundance in the ON-bipolar cell dendritic tips, mice exposed to 72 hours of darkness generated surprisingly robust ERG responses (Figure 5), with amplitudes similar to mice dark-adapted for only 2 hours and with b/a-wave ratios that were 79 - 87% (depending on flash strength) of those from mice dark-adapted for 16 hours. Our ERG findings contrast with a previous study on rats showing that the a-wave was little changed by 24 hours of dark exposure, but that the b-wave was substantially reduced in amplitude (6). The same study showed that if the prolonged dark exposure was interrupted by 30 min of light, the b-wave was quickly restored to its normal dark-adapted amplitude.  This is consistent with our observations of reduced immunofluorescence of synaptic proteins in the outer plexiform layer following prolonged dark exposure and their rapid recovery upon exposure to light. In the present study, the ERG series is recorded over a range of light intensities involving multiple flashes, so it is possible that rapid light-dependent changes in synaptic proteins could take place during the ERG procedure affecting the amplitudes of later traces.

Intriguingly, TRPM1 showed almost no change between light- and dark-adapted samples by western blotting (Figures 3B, C), even though TRPM1 immunofluorescence was dimmer in the cell bodies and nearly absent from the ON-BC dendritic tips in the dark-exposed retina sections (Figures 2, 3A). This suggests that there may be a pool of TRPM1 that is inaccessible to the antibody in the dark-exposed retina sections. It is tempting to speculate that the electron dense vesicles observed in dark-adapted rod bipolar cell dendrites in the electron micrographs may be transport vesicles shuttling TRPM1 away from the plasma membrane in the dendritic tips to an intracellular store in the cell body. Using high resolution confocal and STORM imaging, Agosto et al. (2018) (23) demonstrated that TRPM1 in ON-bipolar cell bodies is intracellular, residing in ER membranes that extend into the dendrites, but not to the dendritic tips (23). It is conceivable that plasma membrane insertion of TRPM1 is dynamically controlled as a means of adjusting synaptic gain with changes in background luminance.

Prolonged dark exposure led to a small decrease in PKCα, a kinase highly expressed in rod bipolar cells, to approximately 90% of light-adapted levels (Figures 2, 3C). While the concentration of PKCα may change relatively little, we have previously demonstrated that PKCα activity in rod bipolar cells is strongly light-dependent. Using PKCα wild type and knockout mice and an antibody to phosphorylated PKC motifs, we showed that RBC dendritic tips are the major site of light-dependent PKCα phosphorylation (19). Light-dependent phosphorylation was also observed at cone synapses in both wild type and PKCα knockout retinas, suggesting that cone bipolar cells utilize a different member of the PKC family (19). In the present study, PKCα double labeling with conformation-specific and conformation-independent antibodies (Figure 2) confirms that PKCα is active in light-adapted retina and inactive following prolonged dark exposure, consistent with our previous findings. Thus, light-dependent kinase activity in ON-bipolar cell dendrites may drive light-dependent changes in activity or localization of other signal transduction proteins.

Immunofluorescent labeling for calbindin D revealed a possible difference in horizontal cell morphology in retinas from light-adapted mice compared to those from 72 hour dark-exposed mice, with the tips of the dark-exposed horizontal cells appearing larger than in the light-adapted state (Figure 2). Enlarged HC processes in response to dark exposure have been observed at the ultrastructural level (20, 21). Specifically, electron micrographs of rod spherules in the mouse retina found a 4-fold increase in the volume of HC endings within 30 min of dark exposure accompanied by a corresponding increase in the area of the rod plasma membrane lining the invagination (21), suggesting a tight coupling between the membrane dynamics of these compartments. EM studies of fish and amphibian retinas also demonstrate significant light-dependent changes in HC dendrites (24).

Presynaptically, dramatic changes in ribeye labeling were observed, with immunofluorescence being nearly undetectable after 72 hours of dark exposure compared to light-adapted conditions, but rapidly exceeding light-adapted levels after only 30 min of light exposure. These light-dependent changes in ribeye immunofluorescence are unlikely to represent actual changes in synaptic ribbon size; however, as EM micrographs of rod spherules (Figure 4A) reveal similar synaptic ribbons in light-adapted and dark-adapted conditions. Furthermore, 30 min is unlikely to be sufficient time for transcription, translation, protein trafficking and ribbon assembly to occur. An alternative explanation is that the rapid changes in ribeye immunoreactivity (Figure 3) may be due to light-dependent post-translational modification of ribeye that affects binding of the antibody, such as phosphorylation/dephosphorylation. Prior studies on the effects of light- and dark-adaptation on mouse photoreceptor synaptic ribbons report contradictory results. For example, Dembla and colleagues (2020) find that immunofluorescence labeling of ribeye is more intense in dark-adapted versus light-adapted conditions, and conclude that ribbons are larger in the dark-adapted state (25); but other studies found no difference between light- and dark adapted ribbons (20, 26). It is possible that the differences in dark exposure times and antibodies used may account for the seemingly conflicting results between studies.

Because photoreceptors depolarize to decreases in light intensity, they are often assumed to undergo maximal rates of synaptic vesicle cycling in complete darkness; however, this is an over simplification. While it may be true that they achieve maximum rates of glutamate release during brief periods of darkness, during prolonged darkness, rather than maintaining a maximum rate of transmission, synaptic activity is instead suppressed, possibly driven by the need to conserve energy. This is likely to be accompanied by down regulation of post-synaptic signaling pathways. This pre- and post-synaptic suppression of activity could occur via a variety of mechanisms that can be rapidly reversed upon light stimulation, such as removal of key proteins from the dendritic tips/active zone, phosphorylation/dephosphorylation, or interactions with regulatory proteins. In future studies, it will be interesting to correlate the effects of short-term dark- and light-adaptation on synaptic morphology, biochemistry, and physiology. The use of knockout mice lacking key signaling and regulatory proteins may also shed light on the molecular mechanisms underlying adaptation at photoreceptor synapses.
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AII-amacrine cells (AIIs) are widely accepted as a critical element of scotopic pathways mediating night vision in the mammalian retina and have been well-characterized in rod-dominant mice, rabbits, and non-human primates. The rod pathway is characteristic of all mammalian eyes, however, the anatomic and physiologic role of AIIs and the rod pathways in cone dominant thirteen-lined ground squirrels (TLGS) is limited. Here, we employed both immunohistochemistry and electrophysiological approaches to investigate the morphology of AIIs and functional aspects of the rod pathway in TLGS. In all TLGS retinas examined, putative AIIs were calretinin-positive and exhibited connections to rod bipolar cells with decreased cell density and expanded arborization. Notably, AIIs retained connections with each other via gap junctions labeled with Connexin36. Comparisons between single photoreceptor recordings and full-field electroretinograms revealed scotopic ERG responses were mediated by both rods and cones. Thus, the components of the rod pathway are conserved in TLGS and rod signals traverse the retina in these cone-dominant animals. AIIs are sparsely populated, matching the diminished rod and rod bipolar cell populations compared to rod-dominant species. The infrequent distribution and lateral spacing of AII’s indicate that they probably do not play a significant role in cone signaling pathways that encode information at a finer spatial scale. This contrasts with the mouse retina, where they significantly contribute to cone signaling pathways. Therefore, the AII’s original function is likely that of a ‘rod’ amacrine cell, and its role in cone pathways in the mouse retina might be an adaptive feature stemming from its rod dominance.
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1 Introduction

By surviving the ‘nocturnal bottleneck’, the mammalian retina evolved an extraordinary rod system enabling superb night vision and which piggybacks onto the cone pathway, suggesting an evolutionary adaption with additional neural circuitry elements (1, 2). AII amacrine cells (AIIs) have been identified as an essential component of the mammalian rod pathway to convey rod signals to cone pathways. In mice, rabbits, and non-human primates, these cells have been rigorously investigated, and found to deliver both ON and OFF rod signals to the corresponding cone bipolar cells via gap junctions and glycinergic inhibitory synapse, respectively. AIIs have also been implicated in regulating the transition from scotopic to photopic vision (3). In addition, they perform robust cross-inhibition between ON and OFF systems involving cone bipolar cells and ganglion cells, thus, it has been well established in rod-dominant species that AIIs, in addition to signaling rod signals, play an integral role in the cone signaling pathway. However, the morphology and function of AIIs in the retina of cone-dominant species remains unclear. Specifically, it is unclear whether AIIs are only evolved in rod-dominant species to serve rod signaling functions, or if they are an essential piece of the conserved cone pathways that predate the evolution of enhanced rod pathways.

The thirteen-lined ground squirrel (TLGS) is one of the rare cone-dominant mammalian species. It has been utilized to study retinal physiology and ocular pathologies for its unique retinal features (4, 5) It has proved to be a superb model for studying cone photoreceptor physiology, including cone synapse and cone pathways (6, 7) however, its rod system has not been extensively explored (8). The AIIs in the ground squirrel retina may provide a clue for its role in cone pathways in the context of evolution. Better understanding of their visual pathways and anatomy may yield insight into the translational value of these models. Notably, the universal presence of scotopic vision in another cone-dominant species, the California ground squirrel has been called into question when data revealed a subset of Spermophilus beecheyi without functional scotopic vision (9, 10). In Ictidomys tridecemlineatus or TLGS, functional scotopic vision has not yet been fully explored. Past studies have identified scotopic vision using relative spectral comparisons of electroretinography, but the cone threshold of light detection has yet to be established for TLGS. This paper aims to extend the limited literature on rod vision of the TLGS with new data on the anatomy of AIIs and the functional measurements of rod vision in this cone-dominant retina. Better understanding of the visual pathways and anatomy of TLGS may yield insight into the translational value of these models.




2 Methods



2.1 Animal handling, anesthesia, and analgesia

A colony of thirteen-lined ground squirrels (TLGS) were obtained from a breeding colony at University of Wisconsin, Oshkosh ~200g, n=6 animals (3 male, 3 female) and kept in a temperature and light controlled room with 12:12 hour light to dark cycle. Animals were allowed food and water access ad libitum. TLGS were treated and maintained according to their protocol (ASP#595) approved by the National Institutes of Health guidelines for Animal Care and Use Committee in research and by the Ethical and Animal Studies Committee of the National Eye Institute. All animals were compliant with the Statement for the Use of Animals in Ophthalmic and Vision research of the Association for Research in Vision and Ophthalmology (ARVO). We adhered to all laws and regulations set forth by the United States and the United States Department of Agriculture.

Animals undergoing electroretinography (ERG) were provided anesthesia using inhaled isoflurane (Fluriso, Vet One, United Kingdom). During procedures artificial tears (Systane Ultra, Norvartis, Alcon) were applied to maintain corneal surface hydration.




2.2 In vivo TLGS electroretinogram recordings

Six TLGS, three of each sex, were dark-adapted for eight hours in their home cages. Anesthesia was induced with Isoflurane at 5% and maintained at 3% during the procedure. The TLGS recorded were in their awake, nonhibernating state. 1% Tropicamide drops (Akorn Inc., Lake Forest, Illinois) were applied to both eyes to induce mydriasis. The ERGs were obtained with the Diagnosys (Diagnosys LLC, Lowell, Massachusetts) system using their ColorDome LabCradle stimulator and traditional gold wire electrodes placed over both eyes. The system’s integrated self-regulated heater warmed the animals continuously to 37°C to maintain consistent body temperature. All ERGs were recorded under red-light conditions in a darkroom.

A drop of 1% carboxymethylcellulose was placed on each eye and encased both the electrode and the corneal surface on both sides.

ERG responses were elicited by brief xenon white flashes (4 ms) presented at varying intensities (cd sec/m2): 0.1 (5 flashes), 0.3 (5 flashes), 1 (5 flashes), 3 (4 flashes), 10 (3 flashes), 30 (3 flashes), 100 (3 flashes), 300 (3 flashes), 600 (3 flashes), 1000 (3 flashes), 3000 (3 flashes). The parameters controlling the light stimulus were written in and controlled using the Espion V6 software (Diagnosys LLC, Lowell, Massachusetts). Data were then stored and analyzed using a custom program written in MATLAB R2017a (Mathworks, Natick, Massachusetts RRID : SCR_001622). Estimates of equivalent light intensity expressed as photons/µm2 were calculated using a custom program in MatLab from measured optical power values obtained with a handheld digital power meter console PM100D (ThorLabs, Newton, New Jersey). The emission spectrum of the xenon stimulus was provided by Diagnosys, obtained by running the ColorDome at 3 cd sec/m2 at 30Hz for several seconds while taking measurements with a UV-VIS spectrometer. The photoreceptor spectra for the TLGS were estimated from published spectral sensitivity curves (11).




2.3 ERG light conversion from cd·sec/m2 to photons/µm2

The wide spectrum, white xenon lamp was used as the photic stimulator for TLGS ERGs because both the blue and green LEDs were not sufficiently bright enough to saturate the photoresponse. The power was measured for each stimulus light intensity using a calibrated photometer (PMD100D, Thorlabs) with a detector size of 94,090,000 µm2 and were converted to equivalent 525 nm photons by convolving the power-scaled spectral output of the xenon flash (provided by Diagnosys LLC) with the normalized TLGS spectral sensitivity curve digitally extracted from Jacobs et al., 1985 using PlotDigitizer (https://plotdigitizer.com/app) (11). The TLGS spectral sensitivity curve in Jacobs et al., is corrected taking into consideration the relative absorbance curves for the lens and corneas (12). The TLGS spectral sensitivity curve from Jacobs et al., can also be further corrected by multiplying by the cumulative spectral transmittance at the retina in the TLGS (12). These estimates make it possible to calculate the stimulus light intensity in photons/µm2. The calibrated photon flux (photons per µm2 per second) values were then multiplied by the stimulus duration (0.004) to convert to photons/µm2.




2.4 Tissue preparation

The 6 TLGS used in the electroretinogram study were then euthanized humanely using inhaled carbon dioxide. The retinas were dissected from each eye and fixed in 4% paraformaldehyde in a 0.1 M phosphate buffer for 1 hour each and then stored in phosphate-buffered saline (PBS). Additional retinas were cryopreserved using a graded sucrose series (Sigma, #84097) and embedded in optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA) at −80°C for cryo-sectioning (Leica, CM3050S) at 16 μm thickness.




2.5 Immunofluorescence

Each retina was washed with 0.1% Triton in PBS for ten minutes four times for tissue permeabilization. Each retina was then incubated with calretinin (AB1550, Millipore; 1:5000), Protein Kinase A, regulatory subunit IIB (AB_610626, BD Transduction Laboratories; 1:500), and PKC-alpha antibody (AB_397514, BD Transduction Laboratories; 1:500) overnight at RT. The retinas were again washed with 0.1% Triton in PBS for ten minutes four times and again stained overnight with secondary antibodies: donkey anti-rabbit Cy-3 (1:200), donkey anti-mouse Cy-5 (1:200; Jackson ImmunoResearch Laboratories), and donkey anti-goat Alexa-488 (1:200; Molecular Probes). Neurobiotin was visualized by Alexa-488– conjugated streptavidin (Molecular Probes). Each retina was again washed 4x with PBS and then mounted onto glass microscope slides using antifading mounting medium with their vitreal side up.




2.6 Single cell recordings of rod, M-, and S-cones

Experiments were conducted on approximately 1-year-old ground squirrels. Upon euthanization, one eye was removed from a ground squirrel, and the retina was carefully isolated under infrared illumination. The isolated retina was placed in Locke’s solution, consisting of 112.5 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl2, 1.2 mM CaCl2, 3 mM Na2-succinate, 0.5 mM Na-glutamate, 0.02 mM EDTA, 10 mM glucose, 0.1% MEM vitamins (M6895; Sigma-Aldrich), 0.1% MEM amino acid supplement (M5550; Sigma-Aldrich), 10 mM HEPES, pH 7.4, and 20 mM NaHCO3. Next, the retina was divided into 6 pieces, with one piece used immediately for recording while the others were stored in Locke’s solution bubbled with 95% O2/5% CO2 at room temperature for up to 10 hours. Each piece was then carefully chopped into 20-25 small fragments on a Sylgard plate (24236-10; Electron Microscopy Sciences) using a razor blade, all performed within Locke’s solution. Subsequently, the tissue fragments were transferred to a recording chamber and continuously perfused with Locke’s solution, maintaining a temperature of 37.0 ± 0.5°C. The temperature was monitored using a thermistor located adjacent to the recorded cell. For the single-cell suction pipette recording, the outer segment of the rod or cone was sucked into a glass pipette, containing a pipette solution consisting of 140 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl2, 1.2 mM CaCl2, 0.02 mM EDTA, 10 mM glucose, and 3 mM HEPES, adjusted to pH 7.4. The pipette tip openings were approximately 2.5 μm in size, allowing for a tight fit with the outer segments. Light stimulation wavelengths of 500 nm, 520 nm, and 440 nm were respectively used for rod, M-cone, and S-cone recordings, Light stimulation durations were typically 10 ms and monochromatic in nature.




2.7 Image acquisition

All images were acquired using a Nikon A1R (Nikon Instruments Inc., Melville, New York) confocal microscope. ImageJ (RRID : SCR_003070) was used for creating composite figures of confocal images. IGOR Pro was used to render ERG figures (RRID : SCR_000325).




2.8 Statistical analysis

All data reported here were compiled and analyzed using MATLAB (Mathworks, RRID : SCR_001622).





3 Results



3.1 Rod pathway and AII amacrine cells in the ground squirrel retina

Most mammals are rod-dominant, and their retinas contain a type of bipolar cells that specifically contact rods, with occasional cone connections [Figure 1]. With about 15% rod photoreceptors, we speculate that a type of rod-specific bipolar cells might be retained in the TLGS retina. Rod bipolar cells (RBC) can be identified in almost all the mammalian retinas examined by their axonal arbors ramifying at the bottom of the inner plexiform layer (IPL). Additionally, they can often be labeled by PKC-alpha antibodies. Individual rod bipolar cells in retinal slices of TLGS have been injected with neurobiotin, which were subsequently visualized with fluorescent dye and an antibody against PKC-alpha (8). A small population of bipolar cells have a very large dendritic expansion reaching out to sparse photoreceptors and an equally large size of axonal arbor ramifying at the border of IPL and ganglion cell layer (GCL). Such cells are always positive for PKC-alpha staining (8) and are thus likely RBCs, although some of the PKC-alpha positive cells are cone bipolar cells with axon terminal ramifying in the middle of IPL (Figure 2A, a RBC with axon terminal reaching the bottom of IPL was marked by #). We also labeled the retinal slices with an antibody against calretinin (Figure 2), a protein frequently detected in AIIs in other mammalian retinas. We observed that one type of calretinin-positive amacrine cells have an upper tier of dendrites along the boundary of inner nuclear layer (INL) and the IPL (Figure 2E, asterisk), while sending descending processes down to the bottom of IPL (Figures 2B–D, zoomed view of areas 1-3 in Figure 2A), a familiar pattern seen in other mammalian species. Note that in addition to putative AIIs, calretinin also faintly labels other amacrine cells (Figures 2E, F, +) with dendrites in the middle of IPL (Figure 3E). A PKA antibody seems to label only AII amacrine cells (Figure 3F), although it also labels many bipolar cells (not shown in this frame). The axon terminals of RBC and the dendrites of AIIs are in close opposition at the bottom of IPL, likely form synapses as observed in other species (3). Similar contacts can be better visualized in a wholemount view (Figure 3A). Note that the dendritic sprawl of such putative AII cells is markedly increased compared to the normal morphology of rod-dominant eyes. Thus, it seems that cellular components of the rod pathway are preserved in this cone-dominant retina. Importantly, both RBCs and AIIs appear to be much more sparse than in mouse, rabbit, and non-human primate retinas (Figure 2E), matching the low proportion of rod photoreceptors in TLGS.




Figure 1 | Illustration of the scotopic visual pathway in the TLGS retina created using BioRender.com. The image depicts the synaptic connectivity of AII-amacrine cells (light blue) at the outer boundaries of the inner plexiform layer. RPE, retinal pigment epithelium; PL, photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; AII, AII amacrine cells; IPL, inner plexiform layer; GCL, ganglion cell layer.






Figure 2 | Retinal slice stained with protein kinase C (PKC) and calretinin (CR). (A) A RBC (#) is stained with PKC (magenta) sending an axon terminal to the bottom of IPL. Putative AIIs are labeled with an antibody against calretinin. (B–D) zoomed view of areas 1, 2, and 3 in (A) show intertwined RBC axonal terminals and AII dendrites at the bottom of IPL. (E) TLGS retinal cell layers stained with calretinin indicate sparse AII morphology. “+” denotes soma of other non AII amacrine cells labeled with calretinin. (F) Same image as shown in (E) above but using PKA antibody to specifically label AII amacrine cells. Note “+” denotes calretinin positive amacrine somas that were not labeled by PKA. In all images * indicates rod bipolar cells. Scale bars: 5 µm.






Figure 3 | (A) Whole-mount retina showing AII-amacrine processes stained with calretinin (CR, red) and RBC processes stained with protein kinase C (PKC, green). Areas of putative AII-RBC synaptic activity are annotated (white arrows). (B) Calretinin+ AII-amacrine processes (red) co-labeled with Cx36 (blue) a retinal gap junction subunit. Colocalization of Cx36 puncta along AII amacrine processes indicate AII-AII synaptic activity or AII-ON bipolar cell gap junctions. Arrow heads indicate selected examples of sites of superposition. (C) Same image as shown in (B) with only Cx36 puncta labeling (blue). (D) Superimposed image of AII (CR, red), RBC (PKC, green) and Cx36 puncta (Cx36, blue).






3.2 Similar to rod-dominant species AIIs in TLGS are connected by gap junctions

One of the hallmark of AIIs in mammalian retinas is that they are extensively connected by gap junctions forming an extensive neural network, whose conductance can be modulated by the state of light adaptation (13–15). Connexin 36 (Cx36) is the molecular constituent of AII-AII gap junctions, and Cx36 channels on AIIs account for the majority of Cx36 proteins in the inner retina (16). Accordingly, we observed numerous Cx36 puncta on AII processes (Figures 3B-D), and most of the Cx36 puncta at this layer of IPL are in fact on AII processes, similar to what has been reported in mammalian retinas (16). This further supports the notion that these calretinin-positive amacrine cells with processes at the bottom of IPL are very likely AIIs.




3.3 Single cell recordings of photoreceptors and electroretinography

The electroretinogram (ERG) of the ground squirrel has been reported with controversial results regarding the contribution of rods to the scotopic ERG (9, 17). We recorded scotopic ERG from dark-adapted TLGS and compare it with single cell light responses of rods, M-cones, and S-cones using suction electrode method. We found that the threshold for a single TLGS rod is about 10 photons per μm2 per 10ms, where the threshold for a single TLGS cone is about 10000 photons per μm2 per 10ms (Figure 4D). In comparison, the threshold for scotopic ERG was calculated to be at least 10 times more sensitive than the cone threshold (Figure 4). Thus, it is likely that both rods and cones contribute to the scotopic ERG and the rod pathway in the TLGS is functional.




Figure 4 | Dark-adapted in vivo ERG and single cell suction electrode recordings from rod and cone outer segments. (A) Scotopic ERG flash response family (n=6 TLGS) to binocular full-field ganzfeld stimulation. The flash intensity of the xenon (white) stimulus ranged from 0.1 to 3000 cd sec/m2. The time t=0ms indicates the time at the onset of the 4 ms xenon flash. Response traces are arbitrarily colored and corresponding flash strengths for each stimulus are shown to the right. Values have been converted from cd sec/m2 to photons/µm2 to facilitate comparison. (B) Average ERG a-wave and b-wave amplitudes as a function of flash intensity in 8mo old TLGS (n=6 squirrels). The a-wave amplitude is measured from the pre-stimulus baseline to the first negative trough. The b-wave amplitude is measured from the trough of the a-wave to the most positive peak following the a-wave. Error bars represent standard deviation. (C) Upper plot, dark-adapted flash response family from single-cell suction electrode recordings of TLGS rods (n=4, from 2 animals). Membrane current response of rod outer segments to a series of 10 ms flashes (500 nm) of increasing intensity from 15 to 20,000 photons/um2. Middle plot, dark-adapted flash response family from single cell suction electrode recordings of TLGS S-cones (n=4, from 3 animals). Membrane current responses of S-cone outer segments to a series of 10 ms flashes (440 nm) of increasing intensity from 4000 to 1M photons/um2. Bottom plot, dark-adapted flash response family from single cell suction electrode recordings of TLGS M-cones (n=8, from 6 animals). Membrane current response of green cone outer segments to a series of 10 ms flashes (520 nm) of increasing intensity from 4000 to 3.5M photons/um2. (D) Intensity-Response curves for single cell suction electrode recordings of TLGS M-cones (green), S-cones (blue), and rods (gray) plotted in comparison to the in vivo scotopic ERG intensity-response (red and yellow). Data were fit with a Hill equation: R/Rmax = 1/1+(I1/2/IB)n. To facilitate comparison, the boxes indicate flash intensity that elicits a response just below a detection threshold arbitrarily set at 20% of Rmax. Satisfying this requirement, for rod photoreceptors the closest R/Rmax=0.16 +/- 0.13 (n=3 rod photoreceptors, n=2 animals) elicited by a flash (IF) of 67.8 photons/µm2. Hill coefficient n=0.98, Half-saturating light intensity I1/2 = 342.9 photons/µm2. For S-cone photoreceptors the closest R/Rmax=0.18 +/-0.06 (n=4 blue cones, n=3 animals) at an IF of 16827.7 photons/µm2. Hill coefficient n=1.05, Half-saturating light intensity I1/2 = 77488.2 photons/µm2. For M-cone photoreceptors the closest R/Rmax=0.17 +/-0.09 (n=9 green cones, n=6 animals) at an IF of 31476.01 photons/µm2. Hill coefficient n=1.00, Half-saturating light intensity I1/2 = 142536 photons/µm2. For in vivo scotopic ERGs the light intensities estimated at the retina varied by ~250 photons/um2 depending on assumptions regarding preretinal optical absorption (18–20). Using the GS spectral sensitivity curve (11) and the preretinal absorbance in GS described in Yolton et. al, 1974 the closest R/Rmax=0.17+/-0.07 (n=6 animals) at an IF of 1375.7 photons/µm2 (12). Hill coefficient n=1.65, Half-saturating light intensity I1/2 = 3831.4 photons/µm2. Using the GS spectral sensitivity curve (11) and the spectral transmittance measurements of the ocular media of the GS described in Chou and Cullen, 1983 the closest R/Rmax=0.17+/-0.07 (n=6 animals) at an IF of 405.4 photons/µm2. Hill coefficient n=1.65, Half-saturating light intensity I1/2 = 1128.7 photons/µm2 (20, 21).







4 Discussion

AII-amacrine cells and their role in scotopic visual pathways in TLGS have remained largely uncharacterized despite their conserved role across mammalian species. In confocal imaging of the AII-amacrine cell in the cone-dominant retina, we noticed a marked shift in AII cell morphology and density compared to their rod-dominant counterparts. AIIs in TLGS retina have long processes in both upper and lower border of IPL, connected by vertical thick stalk from the soma. They are sparsely distributed, unlike in rod-dominant retinas. Like AIIs in rod-dominant retinas, Connexin36 are densely expressed on AII cell dendrites. Similarly, while Connexin36 is primarily expressed by the AII cell, it is also sparsely expressed in processes from other cell types across the IPL, as well as in the outer retinal layers by photoreceptors (13, 16). This low density of AIIs and widely expanded dendritic field match the small population of rods in TLGS retina, suggesting AIIs in TLGS may serve chiefly the rod pathway, but do not contribute significantly to cone pathways, especially ones encoding higher spatial resolution information. A recent study on the evolutionary origin of the rod bipolar cell pathway in the vertebrate retina reports AII-like amacrine cells associated with ancient rod bipolar cells in the fish retina (17), suggesting AIIs are likely co-evolved with RBCs in early vertebrates before mammals.

Another unsettled question regarding rod vision in this cone-dominant retina has been the contribution of rods to scotopic ERG (9, 17, 22). By using light stimuli of different wavelengths, it has been reported that the contribution of rods to scotopic ERG was variable. By directly comparing rod and cone single cell sensitivity with scotopic ERG recordings, here we found that TLGS rods are comparable in their sensitivity with rods from other mammalian species. However, the small population of rods render their contribution to the scotopic ERG responses reduced. Another question is why TLGS and other cone-dominant mammals, such as tree shrews, have evolved to maintain a small population of rods (23). Studies on ambient light entrainment suggest AII cells and the conserved rod pathway may share connectivity with ipRGCs (18, 24) and provide photic input to the body’s master clock, the suprachiasmatic nucleus (SCN). Potential additional roles for the conserved rod pathway may contribute to ambient light entrainment and connectivity with ipRGCs (18, 24). Other mammals, like the Tupaia glis or tree shrew, also have been proposed to similarly conserve a functional rod pathway despite being a cone-dominant eye, in which AII- amacrine cells, and the rod pathway more broadly, could serve non-image forming functions (19), a proposition to be examined.




5 Conclusion

The TLGS rod pathway is largely conserved in comparison to mouse, rabbit, and non-human eyes despite being a cone-dominant retina. The role of AII amacrine cells specifically are correlated with a decrease in density to accompany the relatively smaller population of rods and rod bipolar cells in the cone-dominant TLGS eye. Also, AII amacrine cells appear to be connected by gap junctions, suggesting an evolutionary conserved feature of the rod pathway. TLGS retain scotopic vision, however, their weakened contribution to scotopic vision may indicate additional roles for the conserved pathway in the cone-dominant mammalian eye.
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In the monkey retina, there are two distinct types of axon-bearing horizontal cells, known as H1 and H2 horizontal cells (HCs). In this study, cell bodies were prelabled using 4′,6-diamidino-2-phenylindole (DAPI), and both H1 and H2 horizontal cells were filled with Neurobiotin™ to reveal their coupling, cellular details, and photoreceptor contacts. The confocal analysis of H1 and H2 HCs was used to assess the colocalization of terminal dendrites with glutamate receptors at cone pedicles. After filling H1 somas, a large coupled mosaic of H1 cells was labeled. The dendritic terminals of H1 cells contacted red/green cone pedicles, with the occasional sparse contact with blue cone pedicles observed. The H2 cells were also dye-coupled. They had larger dendritic fields and lower densities. The dendritic terminals of H2 cells preferentially contacted blue cone pedicles, but additional contacts with nearly all cones within the dendritic field were still observed. The red/green cones constitute 99% of the input to H1 HCs, whereas H2 HCs receive a more balanced input, which is composed of 58% red/green cones and 42% blue cones. These observations confirm those made in earlier studies on primate horizontal cells by Dacey and Goodchild in 1996. Both H1 and H2 HCs were axon-bearing. H1 axon terminals (H1 ATs) were independently coupled and contacted rod spherules exclusively. In contrast, the H2 axon terminals contacted cones, with some preference for blue cone pedicles, as reported by Chan and Grünert in 1998. The primate retina contains three independently coupled HC networks in the outer plexiform layer (OPL), identified as H1 and H2 somatic dendrites, and H1 ATs. At each cone pedicle, the colocalization of both H1 and H2 dendritic tips with GluA4 subunits close to the cone synaptic ribbons indicates that glutamate signaling from the cones to H1 and H2 horizontal cells is mediated by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors.
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Introduction

Horizontal cells (HCs) are located in the distal inner nuclear layer of the retina and provide feedback to photoreceptors in the outer plexiform layer (OPL) (1–5). The inhibition of photoreceptors generates a signal common to all downstream neurons and is believed to contribute to contrast enhancement, color opponency, and the generation of center-surround receptive fields in cones, and to a higher level of functional specificity of the retinal ganglion cell output (3, 4, 6–8). The inhibitory feedback signal from HCs to photoreceptors may be transmitted by the modulation of calcium channels, hemichannels, and gamma-aminobutyric acid (GABA) release. However, the exact details of this feedback loop remain controversial (1, 4, 9–12).

Most mammalian species have two types of HCs although the mouse retina is a notable exception, with only one HC type (13). In the primate retina, there are two HC types, both axon-bearing, known as H1 and H2 (14, 15). The somatic dendrites of H1 HCs contact all red/green cone pedicles but have sparse or no contact with blue cones. H1 axons expand into elaborate axon terminals (ATs), which contact rod spherules exclusively. In contrast, the dendrites of H2 HCs invaginate most cone pedicles but have many contacts with blue cones and sparse contact with red/green cones. The H2 axons have few axon collaterals, which contact only cones.

The original descriptions of primate HCs were taken from Golgi and electron microscope studies. More recently, primate HCs were stained with the lipophilic dye Dil or by filling single cells with Neurobiotin, a neuronal tracer (15–17). The H1 and H2 HCs are both independently coupled and, after dye injection, Neurobiotin spreads via gap junctions to adjacent cells of the same type, revealing a patch of coupled cells. The axons can be observed leaving such patches of coupled H1 or H2 HCs, but, due to the length of the axon, the staining fades before the details of the AT are revealed. However, by blocking gap junctions, to reduce the spread of Neurobiotin through the coupled network, the morphology of the ATs can be examined. In this study, we used Neurobiotin injections of HCs to reveal the details of photoreceptor contacts, and, in particular, the cone contacts made by H1 and H2 dendrites.

The classic postsynaptic structure below each cone synaptic ribbon is known as a triad and it consists of two flanking HC dendrites and a central bipolar cell process (18). These invaginating bipolar dendrites are predominantly ON cone bipolar cells, whereas some OFF cone bipolar cells make flat contacts along the base of the cone pedicle, which is somewhat distant from the synaptic ribbon. The cones communicate with HCs and bipolar cells using glutamate as a neurotransmitter (19), and the distribution of glutamate receptors at cone pedicles has been described in detail (20, 21).

There are three main groups of postsynaptic ionotropic glutamate receptors based on their response to glutamate agonists. The groups are named according to the updated glutamate receptor nomenclature (22): (1) α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, including the GluA1, GluA2, GluA3, and GluA4 subunits. AMPA receptors mediate rapid synaptic transmission in the central nervous system. (2) Kainate (KA) receptors include GluK1, GluK2, GluK3, GluK4 (KA1), and GluK5 (KA2). Kainate receptors also play a role in synaptic transmission in the central nervous system and carry signals between cones and certain OFF bipolar cells. (3) N-methyl-D-aspartate (NMDA) receptors (NR1, NR2A, NR2B, NR2C, and NR2D) (23), which do not participate in the OPL. In addition, eight metabotropic GluRs (i.e., mGluR1–mGluR8) have been identified in vertebrates, which can be subdivided into three groups based on differences in amino acid sequence, signal transduction mechanism, and pharmacological profiles (24–27). mGluR6, also known as GRM6, is expressed only by ON cone bipolar cells and rod bipolar cells in the retina (28).

The AMPA receptors containing the GluA4 subunits are found in two bands (the upper and lower bands) under each cone pedicle. The upper band is very close to, and aligned with, the cone synaptic ribbons, whereas the lower band is found at desmosome-like junctions among HC dendrites, distinctly below the cone pedicle (20, 21). Electron microscopy (EM) showed that the GluA4 subunits occur at each triad, in which the two HC dendrites abut just below the cone synaptic ribbon (21). Although this position is consistent with the expression of GluA4 by HCs, it was not possible to identify which processes were derived from H1 or H2 HCs.

In this article, we combined the injection of H1 and H2 HCs with Neurobiotin with immunolabeling and confocal microscopy to demonstrate that the dendritic tips of both H1 and H2 HCs express GluA4 subunits at a site that is close to, and aligned with, the cone synaptic ribbons. This indicates that cones drive HC responses via AMPA receptors.





Methods




Preparation of isolated retina

For this study, seven pieces of retina from four macaques were used. The pieces of the peripheral retina from an adult macaque (Macaca mulatta; kindly provided by Dr. David W. Marshak, Department of Neurobiology & Anatomy, University of Texas Medical School at Houston and Dr. Samuel M. Wu, Cullen Eye Institute, Baylor College of Medicine at Houston) were immersed in oxygenated (95% O2/5% CO2) Ames’ medium. The retinal cells were then prelabled by incubating in Ames’ medium with 5 μM 4,6-diamino-2-phenylindole (DAPI) for 30 min. There were approximately 30 synaptic ribbons per cone; this is consistent with a midperipheral location (18, 21).





Injection of Neurobiotin

The DAPI-labeled cells were visualized using a fixed-stage Olympus BX-50WI epifluorescent microscope (Tokyo, Japan). The cells were impaled under visual control using pipette tips filled with 4% Neurobiotin (Vector Laboratories, Burlingame, CA, USA) and 0.5% Lucifer Yellow CH (Molecular Probes, Eugene, OR, USA) in double-distilled water, and were then backfilled with 3 M LiCl. Alexa Fluor 568™ (Molecular Probes, A10437)-treated cells were backfilled with 3 M KCl. The electrode resistance was ≈ 100 MΩ. The impaled cells were then injected with a biphasic current (+1.0 nA, 3 Hz) for 10 min. After the last injection was administered, the retinal pieces were fixed in 4% paraformaldehyde for 30 min, then washed six times in phosphate buffer (PB) and blocked in 3% donkey serum in PB before further immunocytochemical experiments were carried out. Meclofenamic acid (MFA) (Sigma, M-4531) at a concentration of 100 µM was used to block gap junctions (29).





Immunocytochemistry

After fixation, the tissues were washed extensively with 0.1 M PB (pH 7.4) and blocked with 3% donkey serum in 0.1 M PB with 0.5% Triton-X 100 and 0.1% NaN3 overnight. The antibodies were diluted in 0.1 M PB with 0.5% Triton-X 100 and 0.1% NaN3 containing 1% donkey serum. The tissues were then incubated in primary antibodies for 3–7 days at 4°C and, after extensive washing, incubated in secondary antibodies overnight at 4°C. After washing with 0.1 M PB, the tissues were mounted in VECTASHIELD® (Vector Laboratories) for observation.

The secondary antibodies used were donkey anti-rabbit or anti-goat Cy3® (1: 200) and donkey anti-mouse or anti-goat Cy5® (1: 200) (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Neurobiotin was visualized with Alexa Fluor 488™-conjugated streptavidin (Molecular Probes) or Cy3-conjugated streptavidin (Jackson ImmunoResearch Laboratories, West Grove, PA, USA).

A rabbit polyclonal antibody against GRM6 (mGluR6) in primate retina (1: 1,000), kindly provided by Dr. Noga Vardi [Research Resource Identifier (RRID): AB 2314792], stained the same punctate structures in the OPL, as previously reported, in a manner that was consistent with the distribution of GRM6 receptors (30). An affinity-purified polyclonal rabbit antibody against the C-terminus (RQSSGLAVIASDLP) of rat glutamate receptor subunit 4 (GluA4) was purchased from Chemicon International (Millipore catalog number AB1508; RRID: AB 90711; 1: 200). A Western blot, conducted in accordance with the manufacturer’s technical instructions. These antibodies have been shown to label glutamatergic synapses in rabbit retinas (30–32).

GluK1(GluR5) (C-18; SC-7616; RRID: AB 641048) and GluK1 (N-19; SC-7617; RRID: AB 641050) are affinity-purified goat polyclonal antibodies that were raised against the synthetic peptides comprising the amino acid sequence 900–918 at the C-terminus and the amino acid sequence 1–20 at the N-terminus of GluR-5 of human origin (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1: 100). Both antibodies stained the same pattern of receptors in the OPL.

A mouse-purified monoclonal antibody against a recombinant protein consisting of the amino acid sequence 361–445 of the C-terminal-binding protein 2 (Ctbp2), which is a RIBEYE homolog, was purchased from BD Biosciences (San Diego, CA, USA; number 612044; RRID: AB 399431; 1: 500). The antibody was generated against mouse Ctbp2, and it has been shown to recognize synaptic ribbons in mammalian retinas (33, 34). The staining patterns for the Ctbp2 antibody in the mammalian retina are well known.





Confocal microscopy

Images were acquired on a Zeiss LSM-510 (Zeiss, Thornwood, NY) confocal microscope using a ×63 objective (N.A. 1.4). The alignment for all three channels and resolution were checked at ×8 zoom using 1-μm fluorescent spheres (molecular probes). The XY resolution of the instrument was 200 nm–300 nm, and all three channels were superimposed. The z-axis steps were usually 0.4 μm, and the resulting images are presented as short stacks of 4–6 optical sections (2 μm–3 μm) to compensate for the slight ripples across the tissue and present an even plane of focus. The z-axis reconstructions were oversampled in 0.2-μm or 0.3-μm steps and reconstructed in Zeiss software. For image stacks, the brightest value in the z-dimension was presented for any xy pixel. This had the effect of flattening the image. The brightness, contrast, and color balance of the digital images were adjusted in Adobe PhotoShop (Adobe Systems, San Jose, CA, USA), but no filtering or region-specific adjustments were made to any of the images.

Statistical analyses were carried out using Origin software (OriginLab, Northampton, MA, USA). The statistical significance (p < 0.05) was determined using a Student’s t-test. The results shown are mean values ± standard errors of the mean (SEMs) unless otherwise indicated.






Results




The mosaic of rods and cones was marked by glutamate receptors

The glutamate receptors GluK1 and GRM6 are important to visual signaling in the retina. GluK1 is a type of kainate receptor expressed by the dendrites of certain OFF cone bipolar cells at each cone pedicle (35–41). On the other hand, GRM6 (a metabotropic glutamate receptor) exhibits two different profiles in the retina (30). Antibodies against GRM6 label the dendritic tips of rod bipolar cells at each rod spherule, which results in the presence of two bright spots in close proximity to each other. GRM6 also showed clusters of fine terminals at the position of each cone pedicle, which showed the position of ON cone bipolar cell dendrites. Antibodies that target these receptors can be used to label and map the position of cone pedicles (clusters of GluK1 and GRM6 labeling) and rod spherules (GRM6 doublets) in the retina (Figure 1A) (30, 37). By using the double labeling of GluK1 and GRM6 in the whole-mount retina, it is possible to visualize the photoreceptor contacts of the different HC types in the retina. This technique can be used to accurately determine the position of the cone pedicles or rod spherules (GRM6 doublets) in the retina (Figure 1B). Although this example uses GluK1 and GRM6, similar results can be obtained using GluA4 to mark cone pedicles (see below) (37).




Figure 1 | Use of GRM6 and GluK1 to map the positions of cones and rods. (A) GRM6-labeled ON bipolar dendrites and GluK1-labeled OFF cone bipolar dendrites were used to map the position of cone pedicles. The arrows show the position of the blue cone pedicles, which were smaller than the red/green cones. The bright-red doublets of GRM6 labeling of rod bipolar dendrite tips indicate the position of the rod spherules. Scale bar = 5 μm. (B) Double-label image at a single cone pedicle marked by a cluster of fine GRM6-labeled ON bipolar dendrites, and GluK1-labeled OFF cone bipolar dendrites. The rod spherule positions are indicated by the bright-red GRM6 doublets (usually) of the rod bipolar dendrites. Scale bar = 2 μm.



The size of red and green cone pedicles in the midperiphery of the macaque retina was 58.7 µm2 ± 1.3 µm2 (mean ± SEM; n = 71), whereas the size of blue cone pedicles was approximately half that of the red/green cone pedicles at around 31.1 µm2 ± 1.1 µm2 (mean ± SEM; n = 13). The blue cone pedicles also protrude a little further into the OPL (42). These distinctions allow the differentiation of red and green cones from blue cones.





H1 horizontal cells

The H1 HCs in the primate retina were found to be axon-bearing, similar to B-type HCs in the rabbit retina. In DAPI-labeled retinas, the somas of the H1 HCs were large (72 µm2 ± 9.7 µm2, average ± SEM; n = 78), bright, and round. After Neurobiotin injection into a single soma, an extensive matrix of H1 coupling was revealed, with somatic dendrites and their fine terminals spread out across more than 500 µm (Figure 2A). Furthermore, the somatic dendrites of the H1 HCs converged to form dense clusters at most cone pedicles (Figure 3A). Those cone pedicles with few or no H1 dendrites were smaller and thus identified as blue cone pedicles (see below). Therefore, the H1 HCs preferentially contacted red/green cones, as previously reported (15, 16).




Figure 2 | H1 coupling in the primate retina. (A) A prominent mosaic of dye-coupled H1 HCs was labeled together with a dense matrix of overlapping dendrites with many fine terminal clusters after Neurobiotin injection into a single H1 soma. Scale bar = 100 μm. (B) Neurobiotin-filled axonal terminals (arrows) were visualized after blocking gap junctions with 100 μM meclofenamic acid to reduce the spread of Neurobiotin through the coupled network. This axon ran for more than 400 μm before fading out. Scale bar= 50 μm. H1 horizontal cells (H1 HCs).






Figure 3 | H1 dendritic terminals and axon terminal. (A) H1 dendrites at a single cone pedicle within a field of dye-coupled H1 HCs. The H1 dendrites from multiple horizontal cells in the network converged at each cone pedicle, with two terminals forming an equals sign at each cone synaptic ribbon. The number of H1 dendrites also identified this cone as a red/green cone. This figure shows a Neurobiotin fill, visualized with streptavidin conjugated with Alexa Fluor 488. Scale bar = 5 μm. H1 horizontal cell (H1 HC). (B) A single H1 was dye-injected with Neurobiotin and visualized using Alexa Fluor 488 and gap junctions were blocked with 200 μM MFA. Under these conditions, Neurobiotin passed down the axon to fill the elaborate AT structure. There were many fine endings, which were horseshoe or question mark shaped (detailed images shown in Figure 4). The H1 ATs made contact with the rod spherules. This figure shows a Neurobiotin fill, visualized with streptavidin conjugated with Alexa Fluor 488. Scale bar = 10 μm.



After filling the H1 population, the dense clusters of terminal dendrites at the red/green cone pedicles indicate contributions from multiple H1 horizontal cells. This is consistent with the coverage factor of approximately three to four for H1 HCs (43, 44). With the focus on the cone pedicle base, the H1 dendrites formed a pattern of equals sign (=) extending across most synaptic ribbons, suggesting the presence of two laterally placed H1 HC dendrites at each synaptic ribbon (Figure 3A) (18). In previous studies, when a single H1 HC was labeled, only one lateral position at each cone synaptic ribbon was stained (17, 20, 45). This indicates that the H1 HC processes at a single ribbon usually come from two different HCs.

In one well-stained example, we counted the terminal pairs or clusters of H1 HC dendrites at 20 red/green cone pedicles. There were 27 ± 0.6 (mean, ± SEM; n = 20) H1 dendritic pairs or clusters per cone pedicle, close to the number of synaptic ribbons. This falls within the range of 20–50 synaptic ribbons per cone pedicle previously reported (18, 21) and it is consistent with a mid-peripheral location of the retinal sample (46). If it is presumed that there are two H1 processes per ribbon, this suggests there are more than 50 H1 dendrites per cone terminal, at this retinal eccentricity. However, this may be a slight overestimate because we have not accounted for the innervation from H2 HCs (see below).





H1 HC axon terminal

Neurobiotin injection provided only poorly filled AT structures due to its spread through the somatic network, and the high resistance of the axon. The staining of primate H1 ATs was improved through the application of the gap junction antagonist MFA (29) before the Neurobiotin injection. This reduced or prevented the spread of Neurobiotin through the H1 network and accentuated the axon staining. Perfusion with 100 μM MFA blocked much of the H1 coupling, revealing a well-stained axon (Figure 2B). However, despite following the axon for a few hundred microns before the staining faded, the AT was not visible. This is consistent with previous reports in which the axons of H1 HCs were reported to be 1.5 mm–2.5 mm in length (43). In comparison, B-type ATs in the rabbit retina were stained completely by filling the somas in the presence of 100 μM MFA, but the axons were shorter (approximately 500 μm in length), facilitating the diffusion of Neurobiotin to the terminal (47).

By increasing the concentration of MFA to 200 μM and injecting Neurobiotin into a single H1 AT, the whole AT structure was visualized in great detail, as shown in Figure 3B. This method retained Neurobiotin inside the injected cell, allowing it to pass through the axon and fill the intricate AT structure. The H1 HC can be divided into three distinct parts: the soma, axon, and AT. The AT endings take the form of horseshoe- or question mark-shaped structures and make contact with the rod spherules (48).

By directly injecting Neurobiotin into the ATs, without MFA, the entire primate H1 AT network could be stained (Figure 4A). This revealed a complex structure with no labeled somas, suggesting that Neurobiotin labeled the AT matrix only and that H1 somas and ATs form distinct networks. As other researchers have observed, the individual AT endings were horseshoe or question mark shaped, and only one horseshoe-shaped AT was visible per rod terminal.




Figure 4 | H1 axon terminal (AT) coupling with GluR4 and RIBEYE. (A) After injecting Neurobiotin into a single AT, a network of coupled ATs was revealed (red). The absence of HC somas indicated that the labeled network consisted only of AT endings, which appeared as a series of horseshoe-shaped profiles. (B) Ctbp2 (blue) labels the synaptic ribbons of both the cone pedicles and rod spherules. The GluA4 labeling shows the position of several cone pedicles within this field. The cone pedicles contained multiple synaptic ribbons, whereas the rod spherules contained only one large horseshoe-shaped ribbon. Double labeling with GluA4 (green) and RIBEYE can be used to map the rod–cone mosaic in the whole-mount retina. (C) A triple-label image shows that the H1 AT endings lie inside and concentric with the rod spherule synaptic ribbons (blue). This shows that the H1 ATs contact only rods. Note that there is an H1 AT ending at every rod spherule, which indicates the spread of Neurobiotin through the coupled network of the H1 ATs. Scale bar = 5 μm. Axon terminal (AT).



RIBEYE is a component of the synaptic ribbon and labels synaptic ribbons in cone pedicles and rod spherules. The cone pedicles contain multiple fine ribbons, whereas rods contain one large horseshoe-shaped ribbon (Figure 4B). GluA4 antibodies were also used to label AMPA receptors in the clusters located beneath each cone pedicle. Double labeling with GluA4 and RIBEYE can be used to map the rod–cone mosaic in the whole-mount primate retina. The H1 AT network, labeled by the injection of Neurobiotin, did not contact cone pedicles. Instead, the horseshoe-shaped AT endings entered every rod spherule, and this was shown by the presence of a large synaptic ribbon. The AT processes occur closely and intimately inside and concentric to the rod synaptic ribbons, as previously reported for rabbit retina (47) (Figure 4C). Thus, we confirm that primate H1 ATs contact rod spherules exclusively.





H2 horizontal cells

In primate retinas labeled with DAPI, the somas of the H2 HCs were smaller and dimmer than those of H1 HCs, with an average area of 66.5 µm2 ± 1.7 µm2 (mean ± SEM; n = 27). Neurobiotin injection into a single H2 HC soma revealed that these cells are highly coupled and axon-bearing.

The H2 HC dendrites formed two kinds of clusters at cone pedicles: a dense cluster that contacted blue cones and a sparse cluster that contacted red/green cones (Figure 5). Many more H2 dendrites converged at each blue cone pedicle. Thus, the H2 HCs are primarily connected to blue cones, but only sparsely connected to red and green cones, as previously reported (15, 16, 49). This connectivity pattern is the opposite of that of the H1 HCs, which contact nearly all cones, but have few or no contacts at the blue cones.




Figure 5 | H2 coupling and cone contacts. This shows part of a Neurobiotin-filled patch of coupled H2 HCs. The H2 coupling was visualized using streptavidin conjugated with Alexa-Cy3 (red). The GluA4 receptor subunits are labeled in green. (A, B) show a portion of the H2-coupled network, with sparse clusters of terminals at four red/green cone pedicles, labeled for GluA4. (C, D) show a different portion of the same H2 network with sparse dendritic contact at four red/green cone pedicles and a dense cluster of H2 dendrites at one blue cone pedicle (center, white arrow). The dendritic terminal clusters at cone pedicles are of two different types. The dense dendritic cluster (white arrow) contacted a blue cone. The sparse dendritic cluster contacted the red/green cones. Scale bar = 5 μm. H2 horizontal cells (H2 HCs).



Although H2 dendrites make distinct and obvious connections with blue cone pedicles, it should be emphasized that H2 HCs contact nearly every cone. In Figure 6, a Neurobiotin-labeled patch of H2 HCs is shown. The positions of six blue cones are marked by arrows. This example was double-labeled for GluA4 subunits, which are concentrated at each pedicle and thus serve to tag the cone array. The H2 network contacted almost every cone pedicle in the frame. Of the 70 cone pedicles in the frame, 64 were red/green cones, and all except one were contacted by the H2 HC network. The red/green cone contacts of H2 HCs were sparse compared with the convergence of dendrites at the blue cone pedicles. The GluA4 subunits below each red/green cone, at the level of the desmosome-like contacts between HC dendrites, show as single-labeled green profiles because they are located mostly on the H1 dendrites, which are predominant at red/green cones. At the blue cone pedicles, the GluA4 subunits are double labeled with the H2 matrix and thus appear yellow.




Figure 6 | H2 cone contacts. A Neurobiotin-filled patch of H2 HCs (red). The H2 HCs are extensively coupled, and the center of this patch is out of the frame to the left. The cone pedicle array is marked with antibodies against GluA4 subunits (green). Note that the H2 network contacted almost every cone pedicle. There are six blue cone pedicles, marked with white arrows, noticeable by the dense convergence of H2 dendrites and the numerous dendritic contacts. The remaining red/green cones were nearly all in contact with the H2 dendrites. Scale bar = 10 μm. H2 horizontal cells (H2 HCs).







H2 axon terminals

The H2 HCs are also axon-bearing (Figures 7B, C), although we were able to recover only a few examples. Filling an H2 with Neurobiotin in the presence of 100 µM MFA to reduce the spread of tracer through the network of coupled H2 somas revealed an axon that meandered for several hundred microns in a random direction (Figures 7B-D). In another example, a single H2 AT was stained using 100 µM MFA (Figure 8). It is immediately obvious that the H2 AT axonal structure is quite different from that of the H1 AT. The H1 ATs bear a compact AT expansion which contacts most rods within the AT field. This is the same as the pattern that was observed in B-type HCs derived from rabbits (47).




Figure 7 | H2 horizontal cells. The H2 HCs were dye-injected with Neurobiotin and visualized with streptavidin–Alexa Fluor 488 (A) or streptavidin–Cy3 (A, B, D). (A) The H2 HCs made two types of contacts with the cone pedicles. After injecting a single H2 soma, the H2 network was revealed (green). There were sparse groups of dendrites at some locations, corresponding to red/green cones (red arrows), and very dense clusters at a few locations, which corresponded to the blue cone pedicles (white arrows). Although the H2s had axons, they were poorly filled and lost in the dendritic network. H2 horizontal cells (H2 HCs). (B) In the presence of 100 uM MFA to reduce coupling, a single H2 HC was prominently filled, with clusters of dendritic terminals spaced to match the cone pedicle mosaic (green arrow). A single axon arose from this cell and meandered for several hundred microns (white arrows). (C) An H2 axon terminal (red) showing seemingly random progress and side branches. (D) In this triple-labeled material, it can be seen that the H2 AT (red) did not contact rods [marked by large synaptic ribbons (stained with Ctpb2, blue)]. In the center, a cluster of terminals that ended without a nearby cone did not contact the rod spherules, which were at a different level. The H2 AT contacted several cone pedicles (marked by clusters of GluA4 subunits, green), at least one of which was confirmed as a blue cone pedicle by its size, irregular position, and protrusion into the OPL (arrow). H2 axon terminal (H2 AT). (A, C, D) Scale bars = 5 μm. (B) Scale bar = 10 μm.






Figure 8 | H2 axon terminal. (A) A Neurobiotin-filled H2 axon terminal (red) with a typical meandering axon and a few side branches. (B) The photoreceptor mosaic was stained using antibodies against GluA4 to show cone pedicles (green) and Ctpb2 to stain synaptic ribbons (blue). The rod spherule position is shown by large synaptic ribbons. The H2 AT contacted several cone pedicles. Four of them were identified as blue cone pedicles on the basis of their irregular position, which was adjacent to a red/green cone, and protrusion into the OPL. The H2 ATs did not contact rods. Scale bars = 10 μm. H2 horizontal cell (H2 HC).



In contrast, H2 axons did not elaborate into a single branching structure. Instead, they were found to have several poorly developed terminal branches that contact cones exclusively (Figures 7, 8). At least one of the cones contacted by the H2 AT (arrow in Figure 7D) is smaller and adjacent to another cone pedicle and does not fit the cone mosaic. On this basis, it was identified as a blue cone pedicle (42). The H2 ATs do not contact rods. In the center of Figures 7C, D, a group of end terminals that are not associated with a cone is shown. Although it appears to be close to several rod spherules, focusing through the confocal series shows it is distinctly below the rod spherules and does not contact them. The target of this structure, if any, is unknown.

Figure 8 shows another example of a H2 AT. Again, there was no major terminal expansion observed. Instead, several minor branches targeted cone pedicles, but there was no indication of rod contact. Several of the cone pedicles in contact with the H2 AT, marked by the accumulation of GluA4 labeling, were irregular with regard to the cone mosaic, often immediately adjacent to blue cones (arrowheads, Figure 8B). These putative blue cone pedicles also protruded into the OPL and had a slightly different plane of focus. We judged these pedicles to belong to blue cones, based on these properties, as described by Anhalt et al. (42). These results confirm that the H2 ATs contact cones, and exhibit some preference for blue cones (17). However, the function of the H2 ATs is unknown.





Cone input to the H1 HCs was mediated by AMPA receptors

The synaptic ribbons within cone pedicles and rod spherules were labeled with antibodies against RIBEYE (Figure 9A). The cones contained a group of fine, elongated ribbons, whereas the rod spherules enclosed a single, large, question mark- or horseshoe-shaped structure. The GluA4 subunits were located at two slightly different levels relative to the cone pedicles (Figure 9B) (20). The confocal frame in Figure 9 is slightly oblique, such that the plane of focus for the top two cones is at the base of the pedicle, with the synaptic ribbons in focus. In this study, the GluA4 subunits were slim and lightly labeled, forming a regular mosaic in register with the synaptic ribbons (Figure 9B, the top two cones). The lower GluA4 site was found approximately 1.5 µm below the base of the cone pedicle (Figure 9B, bottom area), meaning that the cluster of cone synaptic ribbons was out of focus. At this lower site, the GluA4 labeling was bright and dense, appearing in the form of clusters that were not aligned with the synaptic ribbons. The glutamate receptors at this lower site have previously been described as occurring at desmosome-like contacts among HC dendrites (20, 37).




Figure 9 | GluA4 subunits at cone pedicles. A group of four cone pedicles in the OPL. The plane of focus was slightly oblique, so that for the upper two cones, the focal plane was at the level of the synaptic ribbons, whereas for the lower two cones, the GluA4 subunits beneath the cones were in focus. (A) Upper two cones: Ctbp2-labeled synaptic ribbons (blue) at each cone pedicle and rod spherule. Cone pedicles contained a cluster of Ctbp2-labeled synaptic ribbons, whereas rod spherules had larger single ribbons with a question mark- or horseshoe-shaped structure. (B) The plane of focus was oblique. The GluA4 labeling (red) here shows two locations. The top two clusters were slightly higher, close to the synaptic ribbons of the cones. Note that the GluA4 subunits were small, orderly, and discrete. At the lower level of focus, approximately 1.5 μm below the cone pedicles, the red GluA4 signal was brighter, clustered, and disorganized. (C) Double-labeled image shows that GluA4 labeling (red) close to the cone pedicles, is registered with the synaptic ribbons (blue), such that there was one centrally located GluA4 cluster for each synaptic ribbon. At the lower level of focus, which was on the bottom two cones, the GluA4 subunits were denser but not aligned with the overlying synaptic ribbons. Scale bars = 5 μm.



We also processed dye-injected material to determine directly if the dendrites of HCs expressed glutamate receptors. Figure 10 shows the terminal clusters of the H1 HCs at four different cone pedicles. For the left-hand cone, the plane of focus is at the base of the cone pedicle, in which the GluA4 subunits formed a small regular grouping. At this cone, the H1 dendritic terminals were discrete, and the GluR4 labeling was aligned with the tips of the H1 dendrites. Every H1 dendrite was aligned with a glutamate receptor. For the two right-hand cones, the plane of focus was just underneath the pedicles. At this level, a bright yet irregular cluster of GluA4 subunits was colocalized, with many overlapping H1 dendrites observed beneath the cone pedicles. Finally, the middle cone had a smaller cluster of GluA4 subunits and very few H1 HC dendritic terminals. The smaller size and the small number of H1 contacts indicated that this cone pedicle belonged to a blue cone.




Figure 10 | H1 dendrites have many contacts at red/green cone pedicles. (A) Neurobiotin-labeled H1 HC dendrites (green), with a focus on the cone pedicles. The H1 dendrites from several cells converge at each cone pedicle. The left-hand cone had very regular dendrites, whereas the two right-hand cones had dense and overlapping H1 dendrites at a level slightly below that of the cone pedicles. The central cone had only 4 or 5 H1 contacts, identifying it as a blue cone pedicle. (B) GluA4 (red)-labeled cone pedicles. For the left-hand cone, the GluA4 subunits were small and regular, showing the focal plane was close to the synaptic ribbons. For the other three cones, the focus was a little underneath each pedicle and the GluA4 subunits were dense and disorganized. The small size of the central cone pedicle indicated it was a blue cone. The other three red/green cones had larger pedicles. (C) Double-label image showing that clusters of GluA4 subunits (red) were colocalized with H1 dendrites (green) at two sites. At the tips of the H1 HCs dendrites, close to the synaptic ribbons, for the left-hand cone pedicle, every H1 dendrite was colocalized with GluA4 subunits. For the two right-hand cones, the focus was just beneath the pedicles, where there was a dense and irregular cluster of GluA4 staining, colocalized with irregular and overlapping H1 dendrites. The smaller blue cone pedicle had many GluA4 subunits but very few H1 contacts. Scale bars = 5 μm. H1 horizontal cells (H1 HCs).



A high-resolution image of a single cone pedicle is shown in Figure 11. The focus was on the level of the synaptic ribbons at the base of the cone pedicle. There are a large number of synaptic ribbons (≈ 32). At this level, the GluA4 subunits were in register with the synaptic ribbons and every synaptic ribbon was associated with a GluA4 cluster, usually in the middle of the ribbon. The dendritic tips of the H1 HCs approached very closely to the synaptic ribbons. There were H1 dendrites at most synaptic ribbons, which identified this as a red/green cone pedicle. A double-label image showed that every H1 dendrite was colocalized with a GluA4 cluster. However, there are a few isolated GluA4 subunits, presumably occupied by unlabeled H2 dendrites, which have fewer contacts with red/green cones. Finally, in the triple-label image, it was perhaps more obvious that laterally placed H1 dendrites flanked the GluA4 cluster at nearly every ribbon. This is the confocal appearance of a classic triad (18, 46).




Figure 11 | Triple-label image showing H1 contacts with a red/green cone pedicle. High-resolution image of a single cone pedicle, a mini-stack of 3 μm × 0.27 μm sections, focused on the synaptic ribbons. (A) The synaptic ribbons, stained for Ctbp2 (blue), formed a discrete, non-overlapping network. The GluA4 subunits (green) were located on every ribbon, usually in the middle of the ribbon. (B) H1 dendrites (red) approached closely to nearly every synaptic ribbon (blue). The dense H1 contacts identified this as a red/green cone. (C) The H1 dendrites (red) were colocalized with the GluA4 subunits (green). Every H1 dendrite contained a GluA4 cluster. However, there were a few isolated GluA4 subunits (top left). Presumably, these positions were occupied by unlabeled H2 dendrites. (D) Triple-labeled image that shows that the H1 dendrites (red) and GluA4 subunits (green) were closely and stereotypically associated with the cone synaptic ribbons (blue). Normally, there are two H1 dendrites flanking the GluA4 subunits at each ribbon. This indicated that the H1 HCs received cone input mediated by AMPA receptors. A few synaptic ribbons (top left) were associated with GluA4 subunits, but these positions had no H1 contacts. Presumably, these positions were filled by H2 contacts, which also express GluA4 subunits. Scale bars = 0.5 μ.r. H1 horizontal cell (H1 HC).



Although the GluA4 antibody very clearly labeled the cone mosaic, there was also faint and sporadic labeling among the cone pedicles. Unfortunately, these signals were too weak and unreliable for analysis. Undoubtedly, some of the signals were non-specific or background labeling, but some appeared to be associated with the rod spherules. We note that the small glutamate receptors have been located at both HC and OFF bipolar cell contacts with rods in other mammalian species (30, 47, 50).





Cone input to the H2 HCs was mediated by AMPA receptors

The arrangement of H1 dendritic contacts and H2 dendritic contacts with the various types of cones was quite different. It has been shown that H2 dendrites make more contact with blue cones than they do with red/green cones (15, 16, 49). In fact, the location of blue cone pedicles can be identified by the confluence of many H2 dendrites at one position (Figures 5C, 6). Although H2 dendrites contacted every cone pedicle, there were relatively few contacts at red/green cones. At the blue cones, the numerous H2 dendrites aligned with the ribbons and GluA4 subunits, as did the less numerous H2 contacts at red/green cones. As before, the GluA4 subunits were located at two different depths under each cone pedicle. Those GluA4 subunits close to the synaptic ribbons were in register with them, whereas the lower brighter GluA4 subunits had no obvious relation to the synaptic ribbons. The lower GluA4 subunits were colocalized with H2 dendrites at the blue cones, but at the red/green cones, they were mostly independent of H2 dendrites, being colocalized with H1 dendrites, which were predominant at the red/green cones. In summary, the presence of GluA4 subunits at the H2 dendritic contacts close to the synaptic ribbons indicates that cone signaling to the H2 HCs is mediated by AMPA receptors. It would appear that the GluA4 receptor subunit is used for both HC types at red/green and blue cone pedicles.

Figure 12A depicts a high-resolution view of the H2 dendritic tips at a single red/green cone pedicle, triple labeled for H2 dendrites, GluA4 subunits, and RIBEYE to visualize the synaptic ribbons. The green GluA4 subunits are located centrally, just below the middle of every ribbon. There were only a few H2 dendrites (seven, to be exact) at the red/green cone pedicle, which were located laterally to one side of each ribbon at the GluA4 site. Typically, there are two HC elements on either side of the synaptic ribbon, visible in the H1 contacts with red/green cones as an equals sign with the ribbon in the middle (18). The H2 labeling pattern at the red/green cones suggests that (i) most empty synaptic ribbons are contacted by H1 HC dendrites, with a pair at each ribbon; and (ii) in cases in which a single H2 contact occurred, the other unlabeled lateral site was occupied by a H1 dendrite. Thus, a few synaptic ribbons were flanked by an H1/H2 pair of dendrites.




Figure 12 | Triple-label image showing H2 HC contacts with red/green cone pedicles and blue cone pedicles. (A) In this red/green cone pedicle, a mini-stack of 3 μm × 0.30 μm sections, which was focused on the synaptic ribbons, there were few H2 (red) contacts. When they did occur, they took up one side of a pair at each ribbon (blue)/GluA4 (green) subunit. Presumably, the other side and all the empty ribbons were occupied by H1 dendrites. (B) At this blue cone pedicle, there are many more H2 dendrites (red). Nearly every ribbon (blue)/GluA4 (green) site was occupied by H2 HC dendrites (red), but there were a few empty positions, presumably filled by H1 dendrites. Scale bars = 2 μm. H2 horizontal cell (H2 HC).



The H2 HC contacts at a single blue cone pedicle are shown in Figure 12B. Clearly, there are many more H2 dendrites than H1 dendrites at blue cone pedicles, but there are still a few empty positions, presumably filled by H1 dendrites, which are unlabeled. Every H2 dendrite was colocalized with a GluA4 subunit at the synaptic ribbon.





Cone input to the H1 and H2 networks

Using the Neurobiotin-filled primate HCs, we attempted to count the numbers of H1 and H2 contacts at the red/green and blue cone pedicles. It was a simple matter to count the minority contacts at each cone type, that is, the number of H1 contacts with the blue cones and the number of H2 contacts with the red/green cones. However, we could not count the majority of contacts reliably because of the overlap among dendrites caused by crowding and the limited resolution (see also 16) (16). Instead, we estimated the number of majority HC contacts by counting the total number of ribbons and/or HC dendritic clusters. Presuming there are two lateral HC contacts at each synaptic ribbon (18), we multiplied the number of ribbons by two and then subtracted the number of minority contacts to calculate the number of majority contacts.

For cones at a mid-peripheral location, as were used in this study, there were 27.2 ± 0.7 (mean, ± SEM; n = 9) ribbons to one red/green cone pedicle, and 25.6 ± 0.7 (mean ± SEM; n = 9) ribbons to one blue cone pedicle. As previously reported, red/green and blue cone pedicles have a similar number of synaptic ribbons (21, 42). At the red/green cones, there were few H2 contacts, namely 6.5 ± 0.4 per cone (mean ± SEM; n = 7) out of 54 potential sites, presuming there were two flanking HC sites per ribbon (Figure 12A). Subtracting the H2 contacts suggests there were approximately 48 H1 contacts per red/green cone (Figure 11). At the blue cones, there were a similar number of ribbons with 3.8 ± 0.5 (mean, ± SEM; n = 6) H1 contacts (Figure 10), leaving 51 − 3.8 = approximately 47 H2 contacts per blue cone pedicle (Figure 12B). Owing to the small number of blue cones with a few H1 contacts, the blue cone input to H1 HCs was very minor, and the red/green cone input to the H1 network was dominant. But the small number of H2 contacts at the most numerous red/green cones, makes a large red/green input to the H2 network. Thus, the H2 HCs receive mixed inputs (15).

In one of our mid-periphery samples, blue cones constituted 8.1%, and red/green constituted 92% of the total number of cones, which was consistent with previous reports (42). Weighting the number of contacts by the type of cone input, we estimate that the red/green cone contacts with the H1 HCs constitute 99.3% of the total cone input, and that the sparse blue cone contact with the H1 HCs made up only 0.7% of the total cone inputs. Thus, it is not surprising that a blue stimulus evokes a very minor or negligible response from the H1 HCs; they are driven almost exclusively by the red/green cones, which is consistent with the weighted input we have shown here (15). In contrast, the sparse contact of the more numerous red/green cones constituted 58% of the cone input to the H2 HCs, and the dense blue cone contacts with the H2 HCs made up 42% of this cone input. This matches the mixed spectral response of the H2 HCs, which have strong responses to red, green, or blue stimuli, in line with their mixed dendritic contacts (15).






Discussion

Our results may be summarized as follows: in the primate retina, there are two distinct types of HC, known as H1 and H2 cells. Both cell types have AT structures. Although the H1 ATs contact rod spherules, we confirmed that the H2 ATs contact cones, with some preference for blue cones. There are at least three independently coupled networks—H1 somas, H2 somas, and H1 ATs. We can confirm that H1 HCs have many contacts with the red/green cones, yet only a few contacts with the blue cones. Conversely, H2 has many contacts with the blue cones and although they also contact most red/green cones, they have fewer contacts with these cones. The cone contacts of H1 and H2 HCs are consistent with their spectral responses (15). The dendritic tips of H1 and H2 expressed GluA4, in register with the cone synaptic ribbons. This indicates that cones drive both H1 and H2 HCs via AMPA receptors.




Horizontal cells formed at least three coupled networks

We have injected the gap junction permeant neuronal tracer Neurobiotin into the HC networks of the primate retina. We can confirm that the primate retina has two morphological types of HC, both axon-bearing. The dye injection of H1 HCs produced a dense network of coupled cells, whereas injecting H2 HCs produced a similar second network with fewer dendrites. In both cases, axons could be observed but not followed to the AT. Blocking the HC gap junctions with MFA revealed the AT structures. The H1 axons expanded into elaborate structures with many fine endings, exclusively contacting rod spherules. Therefore, primate H1 HCs appear to be analogous with the B-type HCs of the rabbit retina and the HCs of the mouse retina. The H2 ATs were morphologically distinct and they had sparsely branched axons with several collaterals. In contrast to the H1 ATs, the sparse contact of H2 ATs was made with cone pedicles, confirming the findings of a previous study by Chan and Grünert (17). The axons of primate HCs were very long, meaning that a high dose of MFA was required to isolate and follow them. We observed one H1 axon that was 350 um, and H2 axons of more than 200 um in length, before staining faded. These observations are consistent with those made in a previous study, which showed that HC axons in the primate retina were between 1.5 mm and 2.5 mm in length (43).

When facilitating the recovery of single-cell structure, the use of MFA obviously precludes the ability to observe AT coupling. However, the H1 AT matrix is dense and it is possible to inject H1 ATs blindly at the correct electrode depth without MFA. Under these circumstances, a coupled network of H1 AT processes contacting all rod spherules was observed. In rabbits, the single B-type ATs contact only 10% of the rod spherules within the AT field (47). In primate retinas, the H1 AT contacts with every rod spherule indicated that multiple H1 ATs were filled with a single injection. In other words, H1 ATs were dye-coupled. Thus, there are three independently coupled HC networks in the primate retina: H1 dendrites, H2 dendrites, and H1 ATs. Presumably, gap junction coupling expands the receptive field of each cell type (15, 51). The H2 ATs could not be targeted or stained without MFA, and the sparsely branched structures were not amenable to dye injection. Thus, we could not determine if the H2 ATs were independently coupled.

We noted that the dose of MFA required to block H1 dendritic coupling to reveal the AT structure was higher than that previously used in the rabbit retina (29). This could mean that primate HCs are better coupled, but it is more likely that MFA is less effective in the primate retina or that the thickness of the primate retina impedes penetration and effectively lowers the concentration of MFA in the OPL. Paired recordings to measure the gap junction conductance between adjacent HCs may be required to resolve this matter.

Electrical coupling is mediated by gap junctions composed of connexins; however, the specific connexins expressed by primate HCs are unknown. In general, Cx36 is the most common neuronal connexin and it is widely expressed in the retina (52). However, HCs do not express Cx36. The single HC type in the mouse retina expresses Cx57 (53, 54). In the rabbit retina, A-type HC gap junctions are labeled for Cx50, and the B-type AT network is labeled for Cx57 (55, 56). In fish retina, HCs express several connexins from a group with molecular weights around 50 K (57). Thus, based on both mammals and fish, connexins with molecular weights greater than 50 K seem the most likely candidates to support coupling in primate HCs, but they have not yet been identified.





HC connectivity and AMPA receptors

GluA4 subunits were located on the dendritic tips of both H1 and H2 dendrites, very close to and aligned with the synaptic ribbons of both the red/green cones and blue cones. This direct demonstration of GluA4 expression, juxtaposed with the synaptic ribbons, indicated that all cone pedicles drive both H1 and H2 HCs via AMPA receptors. Previously, Haverkamp et al. (20, 37) showed clearly through immuno-EM that both HC processes at each triad express AMPA receptors in primate retina. It is known that an individual HC contributes only one process at each triad, and the other HC process must arise from a different HC (17, 45, 51). Although previously, researchers have been unable to identify H1 and H2 dendrites in the EM material, they deduced that if GluA4 was expressed in HC dendrites at every ribbon at a red/green cone, this indicated that the H1 HCs carry AMPA receptors. Similarly, they determined that if there were AMPA receptors on HC processes at every blue cone ribbon, then the H2 HCs must also express AMPA receptors (21). The AMPA receptors were also expressed on the dendritic tips of rabbit HCs (47). Finally, genetically removing AMPA receptors from mouse HCs caused a dramatic reduction in the cone-driven light response of mouse HCs (58). Thus, there is strong agreement from several lines of evidence that cones drive HCs via AMPA receptors.

The OFF bipolar cells in primate and mouse retinas are driven via kainate receptors of at least two types (38, 40). In the cone-dominated ground squirrel, several OFF bipolar cell types also use kainate receptors, but the OFF cb2 bipolar cell is driven by AMPA receptors (39, 59). Interestingly, the cb2 bipolar cell is triad-associated, meaning it is partly invaginating, and its dendritic tips approach the cone synaptic ribbons. This is different from the kainate-driven OFF bipolar cells, which terminate at a greater distance from the synaptic ribbon, often making synaptic contacts at the base of the cone pedicle relatively distant from the synaptic ribbons (59). In general, the postsynaptic arrangement at mammalian cone pedicles is complex, with as many as 15 postsynaptic cell types and several hundred postsynaptic processes converging at each cone pedicle (18).

The glutamate release sites lie at the cone synaptic ribbons (60). From here, the glutamate concentration is diluted and spread by diffusion, and the most distant processes incur a significant delay (61). Thus, the postsynaptic response is influenced by the glutamate receptor type, auxiliary proteins, the affinity for glutamate, and the distance from the synaptic ribbon. The cb2 bipolar cell dendrites express AMPA receptors and because they are triad-associated, lie close to the synaptic ribbon. The light-driven responses of cb2 bipolar cells are extremely sensitive, with the ability to respond to a single synaptic vesicle fusion event, and they have high temporal fidelity (59). In contrast, the more distant OFF bipolar cells, which use kainate receptors, are unable to detect single vesicle events and respond in a non-linear fashion to multivesicular events.

The analysis of OFF bipolar responses is relevant to the position of AMPA receptors on HCs at the triads of primate cone pedicles. Of the many postsynaptic processes, the laterally placed HC dendrites are closest to the cone synaptic ribbons, and the AMPA receptors are aligned with the synaptic ribbons. Thus, it is likely that HC responses have both rapid and sensitive responses to cone input. In contrast, the location of the lower band of AMPA receptors is puzzling. They are large and bright but located some distance away, that is, 1.5 µm from the triads (Figure 9) (20, 37). Furthermore, they are not registered with the synaptic ribbons. They do not seem to be ideally suited to receive synaptic input from cones. Perhaps, similar to the more distant kainate-driven bipolar cells, which contact the cone pedicle base, they respond slowly to bulk glutamate release (59), though the HC AMPA receptors are even more distant from the glutamate release site.





Cone postsynaptic structure

As we have demonstrated, there are GluA4 subunits at both H1 and H2 HC contacts with cone pedicles in the primate retina (21). Let us consider the postsynaptic arrangement of HC dendrites and glutamate receptors. The cone synaptic ribbons can be marked with an antibody against RIBEYE. There appears to be one AMPA receptor containing a GluA4 subunit at each ribbon, yet there are two laterally placed HC dendrites at each site. Perhaps this is most clearly seen in Figure 12, in which a few H2 dendrites contact a red/green cone pedicle, occupying one lateral position, whereas the second lateral position must be filled by an unlabeled H1 dendrite because H1 dendrites occupy the majority of positions at the red/green cones. The simplest explanation is that there are actually two GluA4 subunits, close to the ribbon, one for each HC dendrite (H1 and H2), which are smaller than the resolution limit of the confocal microscope. Due to the resolution limit (200 nm–300 nm), these two medially placed receptors merge and appear as one between the HC dendrites, just under the synaptic ribbon, as shown in immuno-EM studies (21). The ON bipolar cells, decorated with GRM6 receptors, occupy a slightly lower position. Discriminating between the two AMPA receptors may be an interesting test of super-resolution microscopy in future experiments.





Balance of cone inputs to the H1 and H2 HC networks

We have shown that most HC contacts at red/green cone pedicles are made with H1 HCs, and, conversely, at blue cone pedicles, that most of the contacts go to H2 HCs. This confirms the findings in the previous work of several groups (15, 16, 49). These data are based on Neurobiotin-injected HCs, which provided well-coupled patches of HCs, reflecting the H1 or H2 network. If we assumed that the weight of cone contacts reflects the input from each spectral cone type, and we accounted for the relative number of red/green vs. blue cones, we could estimate the spectral input to each HC network.

In the mid-peripheral macaque retina used in this study, the red/green cones constituted most of the cones (92%), with blue cones constituting approximately 8% of the cones. Weighting the number of cone contacts with H1 and H2 HCs by the fraction of red/green or blue cones, we estimated that the red/green cones constitute 99.3% of the input to H1 HCs, whereas the sparse blue cone contacts with H1 HCs made up only 0.7% of the total. The H2 HCs receive a more balanced input whereby the sparse contact of the more numerous red/green cones constituted 58% of the cone input to H2 HCs, whereas the dense contacts with a few blue cones made up 42% of the cone input to H2 HCs. This matches the balanced spectral response of H2 HCs, with strong responses to red, green, or blue stimuli, in line with their mixed dendritic contacts (15).

Previously, Goodchild et al. (16) determined that the blue input to H1 HCs was 1.9% and 11% to H2 HCs. Our results are in broad agreement with these results but the increased resolution from the confocal analysis of dye-injected HCs produced larger numbers of dendritic contacts, particularly for the majority of contacts (red/green to H1 and blue to H2), and changed the calculation slightly, such that the balance of predicted cone input to H2 was pushed further toward the blue cones. The sparse input from a few blue cones to H1 HCs was negligible compared with the dense input from a large number of red/green cones, which were dominant. For H2 HCs, a few contacts with a large number of red/green cones were sufficient to provide a red/green input (58%) in addition to the signal from blue cones (42%). Thus, H2 HCs received a mixed spectral input with responses to red, green, and blue stimuli (15).
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Electrical synapses, formed of gap junctions, are ubiquitous components of the central nervous system (CNS) that shape neuronal circuit connectivity and dynamics. In the retina, electrical synapses can create a circuit, control the signal-to-noise ratio in individual neurons, and support the coordinated neuronal firing of ganglion cells, hence, regulating signal processing at the network, single-cell, and dendritic level. We, the authors, and Steve Massey have had a long interest in gap junctions in retinal circuits, in general, and in the network of photoreceptors, in particular. Our combined efforts, based on a wide array of techniques of molecular biology, microscopy, and electrophysiology, have provided fundamental insights into the molecular structure and properties of the rod/cone gap junction. Yet, a full understanding of how rod/cone coupling controls circuit dynamics necessitates knowing its operating range. It is well established that rod/cone coupling can be greatly reduced or eliminated by bright-light adaptation or pharmacological treatment; however, the upper end of its dynamic range has long remained elusive. This held true until Steve Massey’s recent interest for connectomics led to the development of a new strategy to assess this issue. The effort proved effective in establishing, with precision, the connectivity rules between rods and cones and estimating the theoretical upper limit of rod/cone electrical coupling. Comparing electrophysiological measurements and morphological data indicates that under pharmacological manipulation, rod/cone coupling can reach the theoretical maximum of its operating range, implying that, under these conditions, all the gap junction channels present at the junctions are open. As such, channel open probability is likely the main determinant of rod/cone coupling that can change momentarily in a time-of-day- and light-dependent manner. In this article we briefly review our current knowledge of the molecular structure of the rod/cone gap junction and of the mechanisms behind its modulation, and we highlight the recent work led by Steve Massey. Steve’s contribution has been critical toward asserting the modulation depth of rod/cone coupling as well as elevating the rod/cone gap junction as one of the most suitable models to examine the role of electrical synapses and their plasticity in neural processing.
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Introduction

Gap junctions are anatomical structures that were discovered around the time that electron microscopy (EM) was introduced, that is in the 1960s (1). The cross-sectional view of the plasma membranes visualized via transmission EM offers detailed views of gap junctions, which typically appear as electron-dense pentalaminar structures of ≈ 10 nm in thickness and where the separation between the membranes of the adjacent cells is ≈ 3 nm. Central to these structures are aggregates of intramembranous particles in the two apposed membranes meeting particle to particle in the ≈ 3-nm intermembrane “gap” (1, 2). These aggregates are transmembrane channels that serve as conduits between the cytoplasm of the two adjacent cells, which in turn allow the diffusion of small molecules, such as electrolytes, secondary messengers, and metabolites (1). In addition, the electron-dense material often extends into the adjacent cytoplasmic areas and includes a variety of scaffolding proteins and regulatory proteins (1, 2). Using the freeze-fracture EM technique, gap junctions typically present as ensembles or clusters of channels that can appear in several different morphological forms and densities, from strings containing a few dozens of channels to large, packed, crystalline plaques containing more than 300 channels (2, 3). Gap junctions between neurons mediate electrical coupling by allowing the direct flow of current between neurons (1, 2). Gap junction-mediated electrical coupling has been observed in many areas of the brain, including the thalamus (4, 5), hippocampus (6, 7), neocortex (8–10), cerebellar cortex (11–15), inferior olive (16), and retina (17–20).

Over the last two decades, scientists have made remarkable progress toward understanding the molecular structure of gap junction channels. Each channel is formed of two hemichannels or connexons, each anchored in one of the apposed cell membranes (Figure 1A). The docking, head to head, of the two connexons forms a continuous intercellular pore. Each hemichannel is assembled from six connexins (21). Dozens of different connexins have been found in vertebrates, including 20 in mammals (25). A hemichannel can be composed entirely of one connexin (homomeric) or of different connexins (heteromeric). Also, a gap junction channel can be composed of two hemichannels with the same (homotypic) or different (heterotypic) connexin composition. Of note is that each coupled cell contributes its own connexin(s)/hemichannel(s); if only one cell does, then no gap junction forms and functional coupling is not detected (26). The molecular complexity of single channels and the variation theme in channel clusterization suggest a rich potential for functional diversity. Adding to the complexity of the morphology, electrical synapses are highly dynamic structures, similar to their chemical counterparts (17, 19, 27–33).




Figure 1 | (A) Schematic representation of the multiple levels of a gap junction’s molecular structure. The figure is modified from Goodenough and Paul (21); see text for details. (B) Diagram showing the molecular structure of Cx36, including the two serine residues that can be phosphorylated, namely S110, and S276 (in teleost)/S293 (in mice). The transmembrane domains are labeled “1” to “4”. The figure is modified from Kothmann et al. (22). (C1–5) Immunolocalization of Cx36 in mouse retina. (C1) Five-channel labeling of wild-type mouse (B6) retinal sections, which were obtained by confocal microscopy (Zeiss 780). The cones are labeled for cone arrestin (cARR green), the rod spherules for the vesicular glutamate transporter 1 (vGluT1, blue), starburst amacrine cells are labeled for choline acetyltransferase (ChAT, yellow), and the nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI) (gray). The right part of the retinal section shows only the red channel (Cx36), for clarity. The Cx36 labeling is very dense in the IPL, and less so in the OPL. Scale bar, 50 μm. (C2) The image obtained at a higher magnification. Note the cone pedicles, rod spherules, and Cx36 contained in the OPL. Scale bar, 10 μm. (C3). Confocal microscopy with Airyscan. The representative example shows three rod spherules (blue) and cone telodendria (green) with multiple Cx36 puncta (1 to 4, red) at each contact. Scale bar, 1 μm. (C4) The same as C3, but with no blue channel for clarity. Scale bar, 1 μm. (C5) Eighteen rod spherules, each from one optical section, aligned, and then superimposed. Note that Cx36 clusters (red) are found at the base of the rod spherule, close to the opening of the postsynaptic compartment. Scale bar, 1 μm. Modified from Jin et al. (23) and Ishibashi et al. (24). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.



The neural retina has emerged as the model system of choice to study electrical coupling in the CNS (17). The well-laminated structure of the retina, the advanced knowledge of its fundamental plan, and the presence of electrical coupling among all five classes of neurons have facilitated the detailed analysis of the distribution, function, and plasticity of gap junctions. When it became clear that most classes of neurons in the retina were electrically coupled, Steve Massey, who was already a renowned anatomist, saw the opportunity. He built a research group whose focus would be electrical synapses in retinal circuits. Steve Mills, who was already a member of the Vision research group, converted to the new cult. John O’Brien who had just cloned the first neuron-specific connexin (34) would join the group and bring his expertise on the molecular structure and plasticity of gap junctions. Christophe P. Ribelayga, who had been studying how rod/cone coupling changes with the time of day, brought expertise in electrophysiology and circadian biology to the group. Although we each had our own individual research program, the influence of Steve Massey in our research was evident. A major focus was the rod/cone gap junction, both individually and collectively. Below we review the work that led to our current understanding of the structure, distribution, plasticity, and function of the rod/cone gap junction. In addition, we review recent work on rod/cone connectivity initiated by Steve and the remarkable results that this work generated.





Early findings

Early evidence that gap junctions are present between rod and cone photoreceptors was provided by EM studies in the 1970s (35, 36). In rabbit, macaque, turtle, and cat retinas, rod/cone gap junctions were consistently found to be close to the entrance of the invagination of the rod spherule. Using a freeze-fracture EM technique, Raviola and Gilula (35) further showed that the gap junction channels align as strings of single channel thick and about 50 channels long, forming incomplete rings around the mouth of the rod spherules. Electrophysiology experiments subsequently demonstrated that electrical coupling between the rods and cones is functionally relevant—rod and cone signals can mix (37–42). Altogether, early work demonstrated that gap junctions are present at rod/cone contacts and that rod/cone coupling is functional.





Rod/cone gap junctions are made of connexin36

One of the first connexins to be cloned was connexin35 (Cx35), in perch (43) (Figure 1B). In the perch retina, immunostaining for Cx35 labels both the outer plexiform layer (OPL) and the inner plexiform layer (IPL) (43). A detailed microscopic analysis in zebrafish OPL showed that Cx35 was present at contacts between the cone pedicles, between the rod spherules, and between the rod spherules and the cone pedicles (rod/cone contacts) (44). The expression pattern in the outer retina appeared to be slightly different in salamander, where Cx35 puncta are also found between rod somata, high in the outer nuclear layer (ONL) (45).

In the mammalian OPL, immunolabeling of Cx36 (the ortholog of Cx35) is primarily found at rod/cone contacts in macaques (46) and mice (47) (Figure 1C), whereas it is mostly found at contacts between cones in the cone-dominated ground squirrel (48). The question of whether or not mammalian rods express Cx36 and form rod/rod gap junctions was controversial for some time (see for instance 47, 49, and 50). As it turned out, it appeared to be two separate questions. In mice, rods express Cx36 (51) and Cx36 exclusively (23). The cones express Cx36 exclusively (23) and form gap junctions with adjacent cones at telodendritic contacts, as well as with adjacent rods at contacts typically located between the tip of a telodendritic process and a rod spherule, close to the mouth of that rod spherule (23, 24). Thus, although rods express Cx36 and are densely packed in most mammalian retinas, the presence of gap junctions between rod spherules (i.e., rod/rod gap junctions) remained difficult to ascertain in mouse (47) and macaque retina (46); however, one study did report rod/rod gap junctions in mice using transmission EM (52). In contrast, electrical coupling between mammalian rods has been well documented (53–55). To solve the discrepancy, we created mouse lines in which Cx36 was selectively eliminated in rods or in cones (23). In the cone-specific Cx36 conditional knock-out (cKO) mouse, we expected to eliminate the Cx36 immunosignal between the cones and between the rods and cones while leaving the signal intact, if any, between the rod spherules (23). We found, however, that Cx36 immunosignal was decreased by > 95% in the OPL in the cone-specific Cx36 cKO and that no immunolabeling was clearly present between the rod spherules (23). Yet, consistent with Cx36 being expressed in the rods, electrical coupling between the rods was abolished when Cx36 was selectively eliminated from the rods (rod-specific Cx36 cKO) (23). Unexpectedly, we found that electrical coupling between the rods was also eliminated in the cone-specific Cx36 cKO (23). Altogether, these surprising findings indicate that electrical coupling between mouse rods is not direct (rod/rod or rod-to-rod coupling), but indirect (via rod/cone coupling or rod-to-cone-to-rod coupling) (23). The weak Cx36 immunostaining observed at the cone pedicles in the rod-specific Cx36 cKO suggest that cone/cone coupling is rare in mice (23). Thus, electrical coupling between mammalian photoreceptors is mainly supported by rod/cone gap junctions made of Cx36.





Rod/cone electrical coupling is tightly regulated by the time of day

Sharp electrode recordings from goldfish cone horizontal cells (cHCs) provided the early evidence that rod/cone coupling changes with the time of day and/or lighting conditions (40). Cone input to cHCs predominates during the day, but rod input predominates at night (40, 56), even though cHCs make chemical synaptic contact exclusively with cones (57). Recording directly from the cones revealed that the rod signals enter the cones and cHCs to a greater extent at night, and, therefore, that rod input in cHCs originates from cones (41). Consistent with the presumed increase in rod/cone coupling at night, tracer coupling between photoreceptors is increased at night in goldfish (41), zebrafish (44), rabbit (58), and mice (41, 47, 54).

Changes in the phosphorylation state of Cx35/36 support changes in electrical coupling. Specifically, phosphorylation of Cx35/36 at serine residues S110 and S276 (in teleosts) or S293 (in mammals) is required to increase tracer coupling in vitro (30, 33) (Figure 1B). Immunoreactivity of phosphorylated Cx35/36, as assessed by phosphoantibodies against S110 and/or S276/293, is low in the OPL during the day and is dramatically increased at night [44 (zebrafish), 47 (mouse); 59 (mouse)]. The day/night difference in tracer coupling correlated to Cx35/36 phosphorylation state is about 24-fold in both zebrafish (44) and mice (47, 59).

Dopamine is key to the daily changes in rod/cone coupling. Dopamine is released by a unique type of amacrine cell, the dopaminergic amacrine cell (60). Dopamine release is controlled by light and a circadian clock so that dopamine release is high during the day and low at night (61, 62, for reviews). Dopamine acts, via D2-like/D4 membrane receptors on rods and cones, to modulate rod/cone coupling. These receptors are negatively coupled to the adenylate cyclase/cAMP/protein kinase A pathway. Thus, activation of dopamine receptors and the subsequent decrease in protein kinase A activity decreases Cx35/Cx36 phosphorylation [44 (zebrafish), 2013 (mouse)], tracer coupling between photoreceptors [41 (goldfish and mouse); 44 (zebrafish), 47 (mouse); 54 (mouse)], and eventually rod input to the cones [41 (goldfish); 23 (mouse)] and to second-order cells [56 (goldfish); 63 (rabbit)]. The circadian component of dopamine signaling reflects rhythms in both D2-like/D4 receptor expression in photoreceptors [47 (mouse)] and dopamine release that is driven by melatonin [64 (goldfish); 65 (mouse)]. Melatonin produced in the retina and whose levels peak at night suppresses dopamine release from dopaminergic amacrine cells (61, 62, for reviews). The result is that rod/cone coupling is stronger at night, when melatonin levels are high and dopamine levels low, than during the day, when melatonin levels are low and dopamine levels high (19, 62). Of note, in many strains of mice, including the common B6 strain, a rhythm of melatonin production is absent or of low amplitude because of genetic mutations in the key enzymes of the melatonin synthetic pathway [aralkylamine N-acetyltransferase (AANAT) and acetylserotonin O-methyltransferase (ASMT); see 61, 62, for reviews]. Backcrossing B6 mice to a melatonin-proficient mouse strain (i.e., CBA/CaJ) to incorporate the desirable aanat and asmt genes rescued both rhythms of melatonin synthesis and dopamine release (Zhang et al., 2018). It follows that in the melatonin-deficient mouse strains, the circadian rhythm in rod/cone coupling is of low amplitude, and the daily changes in dopamine release and rod/cone coupling are mainly driven by light and dark (47). Consistent with dopamine signaling being the highest during the day or subjective day, dopamine agonists mimic the daytime state and dopamine antagonists mimic the nighttime state of rod/cone coupling [23 (mouse)]. Other neuromodulators may control rod/cone coupling as well. For instance, adenosine, whose extracellular levels in the retina are increased at night [66 (rabbit); 67 (goldfish)], displays antagonistic actions on rod/cone coupling compared with dopamine [47 (mouse) and 68 (zebrafish)]. Thus, the push–pull modulation supported by dopamine and adenosine results in tight control of rod/cone coupling during the day and night, a process that clearly underlies the functional significance of rod/cone coupling.





How strong can rod/cone coupling be?

To fully comprehend the functional significance of rod/cone coupling on retinal function, the limits of rod/cone coupling strength must be known. Simultaneous paired recording of the rod/cone transjunctional conductance using a whole-cell patch-clamp technique provided quantitative data on the modulation of rod/cone coupling by dopamine in mouse retina (23, 69). The application of a dopaminergic D2-like agonist (e.g., quinpirole) decreased rod/cone coupling to nearly 0 pS (where background noise is 50 pS; 23), a result consistent with the effect of D2-like agonists on the phosphorylation state of Cx36 at rod/cone contacts (47), photoreceptor tracer coupling (41, 47, 54), and electrical coupling (54, 55, 69). In contrast, the application of a D2-like antagonist (e.g., spiperone) increased rod/cone coupling to about 1,200 pS (23). These results are also consistent with the previously reported effects of D2-like antagonists on the phosphorylation state of Cx36 at rod/cone contacts (47), photoreceptor tracer coupling (41, 47, 54), and electrical coupling (54, 55, 69). Interestingly, this ≈ 24-fold range in conductance (1,200/50) is close to those reported for the Cx36 phosphorylation state (≈ 24-fold) and tracer coupling (≈ 24-fold) when measured with dopamine agonists/antagonists in mouse retina (47). The similarity between the measurements indicates a causal relationship. In addition, the fact that a D2-like agonist acts rapidly (within 10–15 min; CPR and JOB, personal observations) suggests that dopamine may act through modulating the phosphorylation state of Cx36 channels that are already present at rod/cone contacts, rather than by adding new channels to the existing gap junction. In support of this, neither the number of Cx35/36 puncta nor the mean Cx36 immunosignal in the OPL was found to change between the day and night or between lighting conditions (44, 47, 59), although one study reported a nighttime increase in Cx36 gene expression in the ONL (70). Yet, whether or not blocking dopamine receptors with a D2-like antagonist pushes the rod/cone conductance to the maximum has long remained an important unanswered question. The fraction of open channels or the open probability of a channel is usually considered to be very low at electrical synapses (i.e., < 1%; 71, 72), although values of up to 18% have been reported for Cx36 gap junctions in mouse cerebellum (15). To determine the fraction of open channels at a specific electrical synapse, one needs to know how many channels there are in the first place. The product of the number of channels by the unitary conductance yields the theoretical maximum conductance; the ratio of the measured conductance by the maximal theoretical conductance gives the open probability of a single channel. To generalize the results, one also needs to determine the connectivity pattern and determine whether this is a repeated pattern and correct for possible divergence/convergence. Answering these important questions in the case of rod/cone gap junctions necessitated establishing the rules of connectivity between the rods and cones and the average size of rod/cone gap junctions from large datasets. Steve Massey was up to the challenge. The approach was based on combining different techniques of microscopy: confocal microscopy, serial block face scanning EM (SBF-SEM), and focused ion beam scanning EM (FIB-SEM) (24).




Confocal microscopy

Confocal microscopy with improved resolution (Airyscan) was used to localize Cx36 in the OPL. Immunofluorescent labeling for Cx36 revealed small clusters of labeling at rod/cone contacts (Figure 1C). Specifically, these potential gap junctions are located at contacts between the fine processes (telodendria), which emanate from the cone pedicles and extend laterally from each cone pedicle to form an overlapping matrix in the OPL. The cone telodendria also rise up above the level of the cone pedicles to contact the overlying rod spherules. As the complexity of the matrix of telodendritic processes made it difficult to analyze individual cone pedicles with confidence, sparse genetic labeling of a few individual cones was used. The mean number of puncta per cone pedicle was found to be approximately 51. The combination of confocal and genetic approaches was also effective to establish that blue (S) cones are connected to rods in a manner indistinguishable from the green (M) cones. Finally, more than one Cx36-labeled point was observed on rod spherules (2.5 on average). Altogether, and presuming that a Cx36 cluster indicates the presence of a gap junction, the confocal data suggested that most (all) rods make anatomical and electrical contact with a nearby cone, and that there is no color specificity in rod/cone connectivity. Most importantly, the confocal analysis placed the rod/cone gap junction within 1 µm of the opening of the post-synaptic compartment at the rod spherule, thus signposting the rod/cone gap junction, an observation that has proved useful to analyze SBF-SEM data (see below).





SBF-SEM

SBF-SEM was useful to establish the rules of connectivity from large EM datasets. The distribution of Cx36 immunosignal at rod/cone contacts signposts the location of rod/cone gap junctions. Yet, a key limitation of confocal microscopy is the resolution—≈ 125 nm, at best, with Airyscan. This level of resolution prevents important aspects of the connectivity (e.g., rod-to-cone divergence) from being ascertained. To gain access to additional morphological details, Ishibashi et al. mapped the e2006 SBF-SEM dataset, which is derived from a block of mouse retina and is publicly available (73). A block of 29 adjacent cones was randomly chosen, at a resolution (voxel size) of 16.5 nm × 16.5 nm × 25 nm. These 29 cones showed a dense matrix of overlapping telodendria that connected 811 rods. The potential gap junctional contacts between the cone pedicles and rod spherules were established by following the telodendritic processes using skeletonization (Figure 2A). The skeleton data provided three important pieces of information: (1) each cone contacts every rod spherule within its telodendrial field (the convergence or number of rod spherule contacts per cone is about 43.0); (2) each rod spherule contacts more than one cone, usually two or three (the divergence or number of cones that connect a single rod is about 1.89); and (3) the blue (S) cones connectivity pattern with rods is similar to that of the green (M) cones.




Figure 2 | (A1–3) Cone skeleton analysis shows that cones contact all the nearby rod spherules. (A1) Skeletons of one green cone (green) and one blue cone (blue) in the wholemount view and projected. The black arrows show ascending axons. The position of each contacted rod spherule is marked by a dot, which is color coded the same color (green or blue) if the contacts are exclusive to this cone pedicle; black represents two cone contacts; and gray represents three cone contacts. Scale bar, 1 μm—applies to all. (A2) The telodendrial fields of 29 reconstructed cone pedicles, each have been color coded; the central 13 are outlined by polygons, and the arrow points to a blue cone (cone 2, thick blue outline). Cones 3 and 5 are also outlined with cyan and green, respectively. Scale bar, 5 μm. (A3) Outlines of the central 13 cone pedicles showing all rod spherule contacts. Each have been color coded and are exclusive to one cone; black represents contacts with two cones; and dark gray represents contacts with three cones. The light gray represents rod spherules outside the range of the central 13 cone pedicles. The arrow points to a blue cone (thick blue outline). Scale bar, 10 μm. (B1–4) Segmentation and 3D reconstruction from e2006. (B1) A single section showing a cone pedicle in green and contacted rods in various colors. Scale bar, 5 μm. (B2) Three-dimensional reconstruction of one cone pedicle (green) and all connected rods. (B3) The rotated view showing the top surface of the cone pedicle with contact pads in red. Scale bar, 5 μm. (B4) The rotated view— the bottom surface of the rod spherules with contact pads in red. Scale bar, 5 μm. (C1–5) The measurement of the gap junction size using focused ion beam-scanning electron microscopy (FIB-SEM). (C1, 2). Electron-dense gap junction staining at a contact point between a cone telodendria (green) and a rod spherule (blue). The inset shows the rotated en face view of one gap junction used to measure the length and width. Scale bar, 0.2 μm. (C3) The image plane of a rod spherule (blue) through the synaptic opening with a small gap junction on each side (arrows) at two cone contacts (green). Scale bar, 1 μm. (C4) The enlarged picture of the inset in (C3) The dashed lines indicate tangent planes at gap junctions. (C5) To visualize one of the two gap junctions requires several planes. The dashed lines indicate intersections of the planes. The size of the right gap junction captured in one plane was measured as in (C2). The length of the left gap junction was measured as the summed length from three planes. Scale bar, 0.2 μm. All figures and their respective descriptions are from Ishibashi et al. (24), with modifications.



Additionally, SBF-SEM analysis revealed that rods contact cones at various sites. The telodendritic tips and the roof of cone pedicles are the main sites. In addition, the lowest (most proximal) row of ONL rods, which do not have axons or spherules but do express synaptic machinery in the lowest part of their cell body, receive contacts from cone telodendria. Finally, some rod spherules are located below the cone pedicles and appear to have “missed” making a direct contact with the telodendria. These spherules are inverted and make contact with more proximal teledendria. As a rule, the cone contacts are always observed at the rod synaptic opening, corresponding with the position of Cx36. These locations therefore most likely have Cx36 rod/cone gap junctions.

The segmentation and 3D reconstruction of cone pedicles and connected rod spherules illustrate the complex field of telodendria extending laterally and upward (distally) from the pedicles, and the obvious position of the contacts, very close to the mouth of the synaptic invagination (Figure 2B). The cone contact sites reinforce the probable existence of rod/cone gap junctions, as they are consistent with the location of Cx36 clusters, as deduced from the confocal analysis. This is also supported by the fact that the average number of contact pads calculated from the full reconstruction of three cone pedicles was 56.7, on average, which is close to the number of Cx36 clusters per cone pedicle (51.4) which was calculated from the confocal analysis.





FIB-SEM

FIB-SEM allowed visualization and measurement of rod/cone gap junctions. The SBF-SEM data provided important information about the general pattern of connectivity between the cones and rods. Yet, because of the relatively low resolution and heavy staining of the membranes, this approach was not appropriate to resolve definitive gap junctions in the tissue, although it is legitimate to assume that gap junctions are included in the contact pads. FIB-SEM provided isotropic data (same resolution in each dimension) at a 4-nm resolution and was used to search for gap junctions at rod/cone contacts. Areas of electron-dense staining, which are characteristic of gap junctions, were found in the same position as Cx36 labeling, as determined by confocal microscopy. In addition, the isotropic dataset allowed the rotation of the gap junctions and the estimation of their size from “en face” views (Figure 2C). This revealed the elongated form and orientation of rod/cone gap junctions encircling the opening of the synaptic opening of the rod spherule, in the same position as Cx36 labeling, as determined by confocal microscopy. The area of the gap junctions was typically smaller than that of contact pads measured in the SBF-SEM e2006 images and varied more in length (0.477 μm) than in width (0.123 μm), which is consistent with the string arrangement described by Raviola and Gilula (35). The number of gap junctions/rod spherule was found to be about 3.21. This number compares well with the number of Cx36 clusters observed via confocal microscopy (2.48). Our calculations below are based on the assumption that the rod/cone gap junctions in mice are arranged as strings of one-channel thick, as described in macaque and rabbit retinas (35). This is further supported by our measurements that showed that the length of rod/cone gap junctions is rather variable, whereas their width is rather constant. More recent observations from our laboratories further support the idea that mouse rod/cone gap junctions are strings. The fluorescence intensity of Cx36 clusters is about eight times dimmer, on average, in the OPL than in sublamina b of the IPL where Cx36 gap junction channels are known to be aggregated in large crystallin plaques of about 300 channels (3). This suggests that rod/cone gap junctions contain about 40 channels (300/8; 74). In addition, super-resolution microscopy revealed that rod/cone gap junctions are elongated structures, which is consistent with strings (74). Finally, in the newly developed phosphosphomimetic Cx36 mutant mouse (75), we found normal levels of expression of Cx36 at rod/cone contacts, yet measured rod/cone conductance close to 1,200 pS (O'Brien and Ribelayga unpublished observations). This shows that saturated rod/cone coupling is close to the theoretical maximum set by the morphological data and our calculations that are based on string arrangement (see below). Overall, these lines of evidence support the view that mouse rod/cone gap junctions are string-like structures of 40–50 channels long.

To fully comprehend the function of gap junctions in a circuit, determining the coupling strength and the location of gap junctions is an essential step. The number of gap junctions (N) and the conductance at each of these junctions (gj) determine the coupling conductance or coupling strength (Gc) between two electrically coupled neurons, that is:



In turn, gj depends on the number of connexons (n), the unitary conductance of the channel (γ), and the open probability, or percentage of open channels (Po) according to the equation:



The morphological analysis outlined above can be used to calculate the mean theoretical maximum conductance between a rod/cone pair. The reconstructions of the mouse photoreceptor network indicated that every cone is coupled to nearby rods, with about 43 rods coupled to each cone (convergence). Each rod contacts about 1.89 cones on average (divergence). The average number of gap junctions at each rod spherule is about 3.2. Corrected for the divergence, this yields 1.7 (3.2/1.89) gap junctions between each rod/cone pair (N in Equation 1). The FIB-SEM data revealed that the mean length of a rod/cone gap junction is 480 nm. Assuming channel center-to-center spacing around 10 nm, we can calculate that a single rod/cone gap junction contains about 48 channels (480/10, n in Equation 2), a value that is close to the direct freeze-fracture EM measurements (≈ 50) reported by Raviola and Gilula (35). With Cx36 unitary conductance (γ in Equation 2) ≈ 15 pS (76; 77) and Po = 1 (i.e., all Cx36 channels between the pair are in an open state), we can calculate the mean maximal coupling conductance between a rod and a cone pair as:



Taking into account cumulative errors in our calculations yields a mean maximal coupling conductance of 1,228 ± 120 pS (mean ± SE) (see 24, for details).

The rod/cone coupling conductance has a resting value of about 300 pS (dark-adapted C57Bl/6J mouse), according to our recent data from paired recordings (23). Comparable to the value of 18% for Cx36 gap junctions in the cerebellum, where the precise number of connexons was determined by freeze fracture (15), this shows a resting open probability of 25% relative to the theoretical maximum of 1,200 pS (300/1,200). These findings surpass the conventional estimates of the open Cx36 channel fraction, which ranged between 0.1% and 1% (71, 72). In the presence of a D2-like dopamine receptor agonist (quinpirole), the rod/cone coupling conductance was decreased to about 50 pS (near the detection threshold), whereas an antagonist (spiperone) increased coupling to ≈ 1,200 pS (23). When compared with the theoretical maximum above, these statistics translate to a minimum open probability of 4% and a maximum close to 100% of the possible Cx36 channels (107% ± 10.6% with cumulative errors) (mean ± SE) (see 24 for details). Thus, the findings support a functional dynamic range of rod/cone coupling of approximately 24-fold (1,200/50) and suggest that every gap junction channel can participate when the coupling conductance equals the upper end of the operating range. The possibility for rod/cone gap junctions to recruit 100% of their channels is an astonishing result that uncovers a new property of electrical synapses and underlies the adaptive capabilities of neuronal networks in the retina. The dynamic range of this plasticity suggests that the dynamic modulation of signal transmission, facilitating learning, memory, and the fine-tuning of neural circuitry supported by electrical synapses in many other areas of the brain might be of a much larger amplitude than currently thought. In other words, this research may have uncovered a general property of electrical synapses with crucial functional significance.






Conclusions and perspectives

Within the past decade, our collaborative work within the Vision research group, led by Steve Massey at the University of Texas Health Science Center at Houston, resulted in significant contributions to our understanding of the morphological basis and dynamic modulation of electrical coupling between photoreceptors. Steve has been instrumental in the success of this enterprise. We have now started to interrogate the function of rod/cone coupling in the visual system. In mammals, the rod/cone gap junction is the entry of an alternate pathway (i.e., the secondary rod pathway), through which rod signals are transmitted to retinal ganglion cells (RGCs) (78). The rod- or cone-specific Cx36 cKO lines, which lack functional rod/cone coupling, offer new tools to study the contribution of the secondary rod pathway to the retinal output and visual behavior. In fact, recent data showed a reduced contribution of rod signals to the light-adaptive process of the photopic ERG (79), to the light responses of OFF alpha RGCs (80), and to the pupillary light reflex (81), in the mutant lines. In that context, it is not unthinkable that the daily plasticity of rod/cone coupling impacts signal processing in the secondary rod pathway and thereby most, if not all, aspects of vision. Testing this possibility will be a primary task for future studies.

Our collaborative work has arguably positioned the rod/cone gap junction as a prime example of an electrical synapse in the CNS, of which we know the precise location, operating range, and for which we have the tools to interrogate its function. However, in most areas of the CNS there is still much we do not know about the size, distribution, and plasticity of gap junctions, despite the recent progress in our understanding of the molecular composition and cellular arrangement of gap junctions, and the discovery of the variety of disorders associated with connexins (82–84). The mapping of gap junctions in large EM datasets remains a major roadblock because of their small size and because most EM datasets are prepared to assess the morphology and connectivity of individual cells whose membranes are heavily stained for that very purpose. Combining immunolabeling for Cx36, high-resolution 3D-EM, and paired patch-clamp recordings from coupled neurons proved the right approach to harnessing the knowledge of rod/cone gap junction biology. As Cx36 is the primary neuronal connexin in the brain, the same approach should also be useful to interrogate the structure and function of gap junctions elsewhere in the CNS. The attractive possibility that all channels at Cx36 gap junctions may contribute to coupling should also motivate studies in this direction not only with the goal to gain new insights into their role in basic neuronal communication, but also with the objective of revisiting previous findings.
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Retinal sensitivity to a variety of artificial sweeteners was tested by monitoring changes in internal free calcium in isolated retinal neurons using Fluo3. Several ligands, including aspartame and saccharin elevated internal free calcium. The effects of these ligands were mediated by both ligand-gated membrane channels and G-protein coupled receptors. We explored the receptors responsible for this phenomenon. Surprisingly, mRNA for subunits of the sweet taste receptor dimer (T1R2 and T1R3) were found in retina. Interestingly, knockdown of T1R2 reduced the response to saccharin but not aspartame. But TRPV1 channel antagonists suppressed the responses to aspartame. The results indicate that artificial sweeteners can increase internal free calcium in the retinal neurons through multiple pathways. Furthermore, aspartame reduced the b-wave, but not the a-wave, of the electroretinogram, indicating disruption of communication between photoreceptors and second order neurons.
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Introduction

It is a pleasure to participate in a tribute to Steve Massey. He is a wonderful colleague and scientist. We were postdoctoral fellows together in the laboratory of the late Robert Miller. That was in the 1980’s, when the commercialization of aspartame was controversial and many people thought it might disrupt neural function, acting on glutamate receptors. Led by Jaeyoung Yang, we revisit the topic 40 years later.

Our understanding of sweet taste detection has been transformed by the discovery of the sweet taste receptor dimer, T1R2 and T1R3, in the tongue (1). The T1R2 protein is specific for sweet taste, while the T1R3 can also pair with the T1R1 to form the umami receptor. T1R2 knockout mice are deficient in tasting sweet chemicals such as sucrose, maltose, and saccharin (2). The sweet taste receptor is not only found in tongue, but also expressed in organs including pancreas, brain, and gut. In pancreatic cells, artificial sweeteners induce insulin secretion by activating T1R2+T1R3 receptors (3). Food deprivation or low glucose culture media can significantly increase T1R2 expression in brain and in a hypothalamic cell line, respectively (4). These studies indicate that sweet taste detection, mediated by T1R2+T1R3, occurs outside the gustatory system, including parts of the nervous system.

The retina expresses several family C G-protein coupled receptors, including the GABABR1 and GABABR2 subunits (5) and several of the metabotropic glutamate receptors (6–8). In exploring family C expression in retina, we found that T1R1, T1R2, and T1R3 mRNA were present. We also found that retinal neurons were activated by a variety of sweet tastants and that saccharin stimulated the T1R2/R3 receptor. A particularly unexpected result was the response to aspartame because rodent tongue is insensitive to this artificial sweetener (9). We tested several possible mechanisms by which rat T1R2/R3 might mediate the aspartame response but finally concluded that another receptor was involved. This turned out to be a TRPV1 channel. Interestingly, physiologically relevant levels of elevated glucose also activated this TRPV1 channel.





Methods




Retina dissociation and culture

All animal procedures were carried out in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University at Buffalo. Retinas were dissociated as described by Luo et al. (10) Immature (postnatal 10-20 days) Sprague-Dawley rats were anesthetized with halothane, decapitated, and the eyes were enucleated. The retinas were removed, washed in calcium- and magnesium-free Hank solution supplemented with 0.1 mM EDTA. The retinas were incubated in 0.2% pre-activated papain solution for 20 minutes at 37 °C. Individual cells were dissociated by gentle trituration and washing in calcium- and magnesium-free Hank solution. The dissociated cells were seeded onto 35 mm glass bottom culture dishes coated with poly-d-lysine. The retinal cells were maintained in Neurobasal A (Invitrogen-Gibco) supplemented with 2% B27 and 2% fetal bovine serum. Experiments were usually performed within 24 hours after dissociation. Rats were purchased from Harlan laboratory. TRPV1 knockout mice were purchased from the Jackson laboratory (B6.129S4-Trpv1tm1Jul/J). The genotyping of knockout mice was performed with the protocol suggested by Jackson laboratory.





Electrophysiology

Whole cell recordings from retinal neurons and HEK293 cells were performed and analyzed using Axopatch 200B amplifier, PClamp software, and Igor Pro 5.03. Patch electrodes were fabricated from borosilicate glass (World Precision Instruments, Sarasota, FL, USA). Electrode resistances were 6-8MΩ. Pipettes contained (in mM): 130 potassium gluconate, 5 NaCl, 4 KCl, 10 HEPES, 2 EGTA, 4 ATP, and 0.4 Na-GTP (pH=7.2). Bath Hank solution contained (in mM): 146.5 NaCl, 1 NaHCO3, 0.3 Na2HPO4, 5 KCl, 0.3 KH2PO4, 0.5 MgSO4, 0.5 MgCl2, 5 HEPES-NaOH, 5 glucose, 1.25 CaCl2 (pH=7.4). In HEK293 cells expressing GIRK1/2, 25mM KCl extracellular solution was used in equimolar NaCl replacement. Test solutions were applied locally to the cells using an 8-channel, gravity-fed, manually operated microperfusion system. Almost all neurons had large voltage-gated sodium currents indicating that they were ganglion cells or amacrine cells.





Calcium imaging

Cell permeant Fluo-3 AM (Invitrogen cat No F-23915) was used as a calcium indicator. The method for calcium dye loading was described by Otori et al. (11). Fluo-3-AM was dissolved in dimethyl sulfoxide to produce a 500 μM stock solution. Cells were incubated in culture media containing 5 μM indicator dye for 15 minutes at 37 °C and then washed for 15 minutes with superfused Hank solution at room temperature. All calcium imaging was performed at room temperature using an inverted microscope (Olympus IX81). The excitation illumination was 488 nm; emitted fluorescence was collected at wavelengths above 515 nm. Calcium fluorescence images, taken every 400ms, were analyzed with Slidebook 4.1 and Igor Pro 5.03. The pixel fluorescence intensities during stimulation were normalized with peak intensities induced by 50 mM KCl solution.





T1R1 and T1R2 cloning

For full sequencing of T1R1 and T1R2 from retina, the 3’ Rapid Amplification of cDNA Ends (RACE) technique was performed with GeneRacer Kit (Invitrogen, Cat No. L1500-01). Reverse transcription was performed with Generacer oligo dT tagged with adaptor sequence. This reaction generated an adaptor tagged cDNA library. The 5’ primer for T1R1&T1R2 were designed against the 5’ untranslated region (UTR) of T1R1 & TR2. The full-length rat T1R1 and T1R2 were amplified with 5’ primer and gene racer 3’ primer.





RT-PCR for whole retina tissue

Retinal tissue was isolated and homogenized with Trizol Reagent. The RNA was purified with TRIzol Reagent method (Invitrogen, Cat. No. 15596-018). The RNA was separated from other components by adding 0.2ml of chloroform and precipitated with 75% ethanol. The RNA precipitant was isolated by centrifugation and washed and dissolved in RNAse free water. Then 1 μg of total RNA was used for the RT reaction after the RNA concentration was measured by spectrophotometry.

The PCR for the cDNA library from each cell was performed using a Peltier thermal cycle system (MJ research, Waltham, MA). PCR was performed by adding 5 μl of template to a total volume of 50 μl mixture containing: 1X thermopol reaction buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10mM KCl, 2mM MgSO4, 0.1% Triton X-100, pH 8.8 at 25°C), 1 μl of each 50 μM sense and antisense primer, 1 μl of 10 mM dNTP (Invitrogen, Cat.No. 18427-013), 0.5 μl of Deep Vent Enzyme (200U/ml)(New England Biolabs, Ipswich, MA), water to 50 μl of total volume. The conditions for DNA amplification included an initial denaturation step of 95°C for 4 minutes; 30 cycles of 1 minute at 95°C, 30 seconds at 58°C, 30 seconds at 72°C; and then 10 minutes at 72°C. Each 15μl of final product was electrophoresed in a 1.5% agarose gel stained with ethidium bromide (EtBr; 0.5 μg/ml). All the PCR products were confirmed by DNA sequencing.

All primers were designed to contain at least one intron in its product to distinguish genomic DNA from mRNA. The primers for PCRs were designed with the BiBiserv program offered from Bielefeld University Bioinformatics Server.

Primers for PCR

T1R1:

sense 5’-TCGTCAGAGCTGTGCTCAGCCATGCTG-3’

antisense 5’-GCACCTTTCCAGTGGATCAGGTAGTGC-3’

T1R2:

sense 5’-CATCCTCTACGGCTGTCACTTTGCTGTC-3’

antisense 5’-ACGCTGCAGAGAATGGCAGAGGAACACC-3’

T1R3:

sense 5’-TCAGAGCCTGTTCAACCCTGGCAGC-3’

antisense 5’-CTGCGCACCTGGCCATCTTTGCACTG-3’





ERG

Whole rat retina was isolated and stored in a dark room for more than 30 minutes before recording. The whole retina was transferred onto filter paper and placed photoreceptor layer down onto a MEA (multielectroarray, Multichannel Systems, Reutlingen, Germany). Then the whole retina with the filter paper was pressed down by a u-shaped platinum wire weight to enhance the contact between MEA electrodes and the retinal tissue. The retina was kept at 37°C in Ames media (Sigma Aldrich, Cat No A1420) and continuously gassed with 95/5 oxygen/carbon dioxide. Light responses were triggered by a white light LED stimulation.





The siRNA and real time PCR experiment

R28 cell lines were used for small interfering RNA experiments. The R28 cells were maintained in the same culture media used for HEK293 cells. The siRNA oligonucleotide targeting the C terminal region of T1R2 was synthesized (Invitrogen, CA, USA).

The siRNA targeted sequence: GATTGTATGCCAGGCACCTACCTCA

Negative control siRNA was purchased from Invitrogen (Cat no.46-2001). Lipofectamine 2000 (Invitrogen,Cat No. 11668019) was used as the siRNA carrier. RFP (red fluorescent protein) cDNA was cotransfected with siRNA to monitor the efficiency of transfection. T1R2 siRNA and negative control siRNA were transfected into R28 cells according to the manufacturer’s protocol. The siRNA effectiveness was measured using real time PCR and calcium imaging.

Total RNA of R28 cells was prepared 0 hr, 24 hr, and 48hr posttransfection with RNeasy Kit (Qiagen).The quality and concentration of total RNA was estimated by absorbance at 260 and 280nm using the Experion system (Biorad, CA, USA). After treating RNA with DNAse, total RNA (0.5 μg) was turned into cDNA with the Superscript III kit (Invitrogen Cat No.18080-051) following the manufacturer’s instructions.

Real time PCR was performed with the MyiQ2 two color real time PCR system (Biorad, CA, USA).

Real time PCR primers:

Control B actin primers:

sense 5’-TGCTGACAGGATGCAGAAGGAGA-3’

antisense 5’-CCGGACTCATCGTACTCCTGCT-3’

T1R2 primers:

sense 5’- GAGCCAGAATCCCTTCCAAAGCA-3’

antisense 5’-AACAAGGGTGGAGGCCCACA-3’

Each reaction contained: 10 μl SYBR® Green PCR Master Mix (Biorad, CA,USA), 1 μl forward primer 5 μM, 1 μl reverse primer 5 μM, 2.5 μl cDNA template and RNAse DNAse free water up to 20 μl. The standard program was: 95°C for 3 min, 40 cycles at 95°C for 10 s and 60°C for 20 sec. All reactions were carried out in duplicate in Bio-Rad 96-well plates. Relative quantification was performed using the comparative C(T) method.

The specificity of real time PCR was tested by analyzing melting curves generated after the PCR reaction by the following protocol: 15 s at 95°C, 15 s at 60°C and a 20 min slow ramp between 60 and 95°C. The statistics were calculated with iQ5 (Biorad, CA, USA) and REST 2009 (Qiagen, Munich, Germany) software.

The effect of siRNA was evaluated by counting drug responding R28 cells 72hr after transfection. Drug responses were evaluated using calcium imaging. 100μM ATP was applied to R28 cells at the end of each experiment to give a standard response (12, 13). The cells were counted as responding cells if the amplitude of the calcium signal induced by the ligand was bigger than 10% of the amplitude of 100nM ATP induced response (default setting of autopeak software). All calcium imaging data were recorded with Slidebook 4.1 and analyzed with autopeak detection using Igor Pro 5.03 software.





Statistical analysis

Results are expressed as mean ± SD (standard deviation) or mean ± S.E. (standard error) as indicated. Data were analyzed by single factor ANOVA. In some data sets, the paired student t-test was used, and this was specifically mentioned. Statistical values were calculated by Microsoft Excel and p <0.05 was considered significant.






Results




Retinal neurons respond to sweet tastants

Several sweet taste ligands stimulated retinal neurons. To examine this effect we measured changes in internal free calcium using Fluo3 in isolated rat retinal cells. Sweet tastants elevated internal free calcium and these responses were normalized to the elevation produced by 50 mM KCl. Several sweet tastants raised internal free calcium in dissociated retinal neurons: 1mM saccharin (30.3 ± 6.1%, n=9 cells), 10mM glucose (7.7 ± 5%, n=11 cells), 3mM D-tryptophan (11.7 ± 3.6%, n=7 cells) and 1mM D phenylalanine (23.8 ± 4.7%, n=9 cells) (Figures 1A, B). This was similar to the rat tongue’s sensitivity to these tastants (14, 15). However, rat retinal neurons also responded to 1 mM aspartame (23.3 ± 5.1%, n=13 cells). Although the human tongue responds to aspartame, rodents do not (16).




Figure 1 | Various sweeteners can increase internal free calcium in isolated retinal neurons. (A) Examples of Fluo-3 fluorescent signals produced by saccharin, glucose and aspartame. (B) Relative Fluo-3 fluorescent signals in response to sweet tastants, normalized to the signal produced by 50mM KCl (% amplitude). 1mM aspartame (ASP) (23.3 ± 5.1%, n=13), 1mM saccharin (SAC) (30.3 ± 6.1%,n=9), 10mM glucose (GLUC) (7.7 ± 5%,n=11), 3mM D-tryptophan (D-TRP) (11.7 ± 3.6%,n=7), 1mM D-phenylalanine (D-Phe)(23.8 ± 4.7%,n=9), and 2mM L-proline (L-Pro)(0%,n=10).







T1R1, T1R2, and T1R3 are expressed in rat retina

Since the sensitivity of our retinal cells to sweet tastants, with the exception of aspartame, was very similar to the sweet taste response profile in rat tongue we examined the expression of three taste receptor T1 genes in rat retina (T1R1, T1R2, and T1R3). Primer sequences were designed that spanned an intron to avoid amplification of genomic DNA. The 3’ RACE (Rapid Amplification of cDNA Ends) technique was employed to raise the detection levels of taste receptor isoforms. Gene Racer oligo DT, containing poly T to bind poly A tails of mRNA, was used in the 3’ RACE technique to pull out the 3’ ends of T1Rs in retina. The rat PCR primers for the 5’ ends were designed from the predicted homologous UTR (untranslated region) in the mouse genome. The full T1R1, T1R2 and T1R3 sequences were each determined to be identical to taste receptors in tongue (Figures 2A, B, results of T1R3 are not shown).




Figure 2 | (A) The full sequences of T1R1 and T1R2 are the same in rat retina and tongue. The 3’ RACE (Rapid Amplification of cDNA Ends) technique was used to get 3’ terminal sequences of T1R1 and T1R2. 5’ UTR homology between rat and mouse was used to design 5’ UTR primer for T1R2. Known 5’ UTR sequence of T1R1 was used to design 5’ UTR primer for T1R1. The primer sequences are detailed in the text. (B) Dot matrix comparison of T1R1 and T1R2 sequences isolated from tongue and retina. Both sequences from retina were identical to those from tongue.







Rat T1R2 is not responsible for the aspartame response

At this point we were confronted by a puzzle that rodent T1R2+T1R3 receptors do not respond to aspartame, yet aspartame produced strong calcium signals in retinal neurons. Since T1R1 is also expressed in retina, we tested whether rat T1R1 and T1R2, alone or in combination, could make a functional aspartame-sensitive receptor (14, 17). T1R1 and T1R2 cDNA derived from rat retina were transfected into HEK293 cells. Heteromeric G-protein-gated inwardly rectifying K+ channels (GIRK1/2) were cotransfected. GIRK channels can couple to various G protein coupled receptors such as acetylcholine, opioid, and dopamine receptors (18) and are activated by receptors that couple to Gαi/o and suppressed by receptors that couple to Gαq (16, 19, 20). To enhance the GIRK current the external Hank’s solution contained 25 mM KCl in replacement of NaCl. HEK293 cells were held at +10 mV, then voltage stepped or ramped to negative voltages before and during application of 1 mM aspartame. Negligible aspartame responses were observed, even at hyperpolarized potentials reaching -120mV (n=13 cells) (Figure 3A). Also, 1 mM saccharin and 30 mM D-glucose failed to affect the GIRK current in T1R1+T1R2 expressing cells. However, when GABAB R1 and R2 subunits were cotransfected with GIRK1/2 and GFP, a GIRK current was generated by 10 μM baclofen, indicating that the co-transfection and response were viable (not shown).




Figure 3 | T1R2 is not involved in the aspartame response. (A) Absence of a GIRK current indicated that a functional sweet taste receptor cannot be made from cotransfection of T1R1 and T1R2 in HEK293 cells. G protein regulated inwardly rectifying K+ channel (Girk) 1 and 2 subunits were cotransfected with T1R1/T1R2 and GFP. GFP positive cells were chosen for the experiment. Ramp protocol from +10mV to -120mV was applied for 400 ms to transfected HEK293 cells (n=13). External Ringer solution contained 25mM KCl in equimolar replacement of NaCl to augment Girk current. 1 mM aspartame did not induce a significant Girk current. (B) Monitoring response of HEK293 cells after T1R1 and T1R2 cotransfection using fluo3 calcium imaging (n=214). T1R1 and T1R2 were cotransfected with modified G α15 protein, the final 5 amino acids of C terminal were mutated to Gi3 form. In contrast to ATP application, aspartame and saccharin did not evoke a calcium signal. (C) T1R2 mRNA levels decline with time after treatment with a siRNA against T1R2 Relative T1R2 mRNA expression in R28 cells was monitored with real time PCR for control cells and after 24 or 48 hour treatment with siRNA. Relative gene expression levels were calculated using the 2−ΔΔCT method. Beta actin gene was used as internal control. The y axis represents the expression ratio of T1R2 mRNA level of T1R2 siRNA transfected cells to control cells transfected with a scrambled siRNA. (D) T1R2 siRNA reduced the proportion of saccharin responding cells but aspartame responding cells were unaffected. After 72 hours, fluo3 calcium imaging was performed on siRNA treated R28 cells. The y axis is the response ratio (see text). There was a 45% reduction in the saccharin response of R28 cells after T1R2 siRNA treatment (*p =0.006, one-way ANOVA), but the change in aspartame response was statistically insignificant.



A modified Gα is often used in reporter systems, wherein the final 5 amino acids at the C terminal in Gα15 are mutated to the Gαi3 form, Gα15i3 (17). The cDNA for the Gα15i3 was transfected into HEK293 cells along with T1R1 and T1R2 and GIRK cDNA constructs, but no aspartame or saccharin response was observed (n=214 cells) (Figure 3B).





T1R2 knockdown in R28 retinal precursor cell line

In an alternative approach, the effect of knocking down the levels of T1R2 on the responses to aspartame and saccharin was tested. Ideally this would be done in isolated retinal neurons, but the retinal cell cultures did not survive the siRNA exposure. Consequently, the R28 retinal precursor cell line was used for siRNA experiments (21). The T1R2 mRNA expression was confirmed in the R28 cell line by RT-PCR. Both aspartame and saccharin (at 1 mM) raised intracellular calcium levels in R28 cells, tested using fluo3 calcium imaging.

A siRNA against T1R2 was designed and a scrambled sequence was used as a control. The RFP (red fluorescent protein) cDNA construct was cotransfected with T1R2 siRNA to monitor the transfection efficiency. RFP plus scrambled siRNA were cotransfected in control experiments. The mRNA levels of T1R2 in R28 cells were monitored 24 and 48 hours after T1R2 siRNA transfection using real time PCR. There was a 63 ± 12% reduction of T1R2 mRNA after 24 hours, and a 92 ± 5% reduction after 48 hours (n=3 dishes) (Figure 3C). The scrambled siRNA did not reduce the T1R2 levels. We did not measure changes in protein levels in response to siRNA.

After 72 hours, tastants were tested on transfected R28 cells using fluo3 calcium imaging. ATP (100 μM) was used to generate a control calcium signal. The cells not responding to 100 μM ATP were excluded from analysis. The cells responding to 100 μM ATP were divided into two groups: RFP positive and RFP negative cells. RFP negative cells were considered to be non-transfected controls with normal levels of T1R2/T1R3. If the amplitude of a tastant response was bigger than 10% of the 100 μM ATP response, that cell was counted as a sweet taste responding cell. The proportions of 1mM aspartame and 1mM saccharin responding cells in each group were calculated. The response ratio is the proportion of RFP positive cells (transfected with either target siRNA or scrabbled siRNA) that responded to aspartame or saccharin compared to the proportion of RFP negative cells (no transfection) that responded to these artificial sweeteners. The response ratios for aspartame and saccharin in the scrabbled vs. non-transfected groups were 1.075 ± 0.025 and 1.073 ± 0.008, respectively. Thus, in the scrambled siRNA experiments, approximately the same fraction of cells was responding to the artificial sweeteners in transfected and non-transfected cells. The response ratio for aspartame in the T1R2 siRNA test group was 0.93 ± 0.18 (p value=0.381, one-way ANOVA) and the response ratio of saccharin was 0.59 ± 0.09 (*p value=0.006) (control and siRNA each n=4 dishes, total number of cells=2368 and 2775 respectively). The siRNA produced a significant drop in the cells responding to saccharin, but there was little change in response to aspartame and this difference was not statistically significant (Figure 3D).

Thus, our results suggest that the rat T1R2 subunit is involved in the response to saccharin, but not aspartame. There was a 45% reduction in the R28 cells responding to saccharin, but the aspartame response was little changed by T1R2 siRNA treatment. This is consistent with rat behavioral studies showing only a weak gustatory response to aspartame (9) and with T1R2 expression studies indicating that aspartame activated the human sweet taste receptor but did not react with the rat sweet taste receptor. This leaves unresolved the receptor that mediates the rat retinal aspartame response. Interestingly, it also suggests that the effect of saccharin is not limited to stimulation of sweet taste receptors.





Two mechanisms of aspartame-induced elevation of internal calcium

The experiments indicate that aspartame, like saccharin and D-glucose, induce a rise in internal calcium in retinal neurons. However, there did not seem to be a direct link between T1R2 expression and the aspartame response. To explore this last point, external calcium was removed during aspartame application. In the absence of external calcium, aspartame responses disappeared in some rat retinal neurons (Figure 4A), but not in others (Figure 4B). This suggested that aspartame responses arose from two distinct pathways: 1) Caout dependent membrane channels and 2) Caout independent G-protein coupled receptor mediated internal release.




Figure 4 | TRPV1 channel blockers suppress the Caout dependent aspartame, glucose and saccharin fluo-3 responses. (A) In some neurons the aspartame (300 μM) response was seen in the presence (red bar) but not the absence (dashed black line) of 1.25 mM external calcium. (B) In other neurons the response to aspartame persisted in the absence of Caout. (C) The Caout dependent aspartame response was blocked by TRPV1 blockers SB (10μM SB366791), CPZ (10μM Capsazepine) and RuR (10μM Ruthenium Red). (D) Aspartame responses in Caout independent neurons were not blocked by 10μM SB366791. (E) Percentage of aspartame (ASP) and saccharin (SAC) responding neurons in which TRPV1 blocker (10μM SB366791) fully blocked responses as opposed to producing a partial or nil block. (F) TRPV1 knockout mice do not have TRPV1 blocker-sensitive aspartame responses. Percentage of aspartame (300 μM) responding cells that are completely vs. incompletely blocked by TRPV1 blocker (10μM SB366791) in wild type control and TRPV1 knockout mice (27 ± 8% block in control mice vs 0% block in TRPV1 KO mice, *p=0.0247 one way ANOVA). (G) 30mM Glucose induced intracellular calcium increases that were blocked by TRPV1 blocker (10μM SB366791, n=9).







TRPV1 antagonists block the Caout dependent aspartame response

The transient receptor potential vanilloid-1 (TRPV1) receptor can be activated by artificial sweeteners, as observed in heterologous expression systems and in dissociated primary sensory neurons (22). Furthermore, the TRPV1 receptor is expressed and elevates internal calcium in rat retinal ganglion cells (23). We tested whether the Caout dependent aspartame response arose from activation of TRPV1 channels that are calcium permeable. In cells where the aspartame response was Caout dependent, 10 μM SB366791, a selective TRPV1 blocker, completely eliminated the response. Two other TRPV1 blockers, 10μM capsazepine and 10 μM ruthenium red, had similar effects (Figure 4C). In contrast, cells in which the aspartame response was Caout independent were not blocked by SB366791 (n=18 cells) (Figure 4D). We found that 18 ± 8% of isolated retinal neurons possessed only Caout dependent aspartame (300μM) responses and these responses were completely blocked by 10 μM SB366791, a selective TRPV1 blocker (n=9 cells) (Figure 4E). The remaining aspartame responding neurons were at least partially Caout independent and the responses were not fully blocked by SB366791. Thus, TRPV1 channels accounted for the entire response in about one-fifth of aspartame-sensitive neurons. In the remaining responding neurons, the aspartame response was either exclusively from putative G-protein coupled receptors or from a combination of TRPV1 receptors and GPCRs (labelled “partial SB block” in Figure 4E).

To substantiate that the TRPV1 antagonists were indeed blocking TRPV1 receptors, the same experiments were repeated in TRPV1 knockout mice. The knockout mice should lack all forms of the TRPV1 receptor because it eliminates the transmembrane coding region of the gene. We confirmed this by genotyping in the knockout mice. The TRPV1 antagonists had no effect on aspartame responses in the knockout mice, although the antagonists were effective in age matched control mice (27 ± 8% block in control mice vs 0% block in TRPV1 KO mice, *p=0.0247 using single factor ANOVA, data from 3 KO and 3 control mice) (Figure 4F). This indicates that there is a set of rodent retinal neurons in which aspartame stimulates calcium influx through TRPV1 channels.





Saccharin-induced responses in retinal neurons

The T1R2 siRNA results indicate that not all of the saccharin response in retinal neurons is due to activation of the canonical sweet taste receptor. Furthermore, saccharin-induced signals arose, like aspartame signals, from both Caout independent and Caout dependent pathways. The Caout dependent saccharin response was sensitive to TRPV1 blockers. In isolated retinal neurons, 10μM SB366791 completely eliminated saccharin responses in 13 ± 8% of cells (Figure 4E). TPRV1 antagonists had no effect or a partial block in the remaining 87 ± 8% of saccharin-sensitive neurons. Thus, saccharin responses involve a Caout dependent component produced by TRPV1 ionotropic receptors and a Caout independent component due a least partially to T1R2+T1R3 GPCRs.





Glucose-induced responses in retinal neurons

In isolated retinal neurons we found that physiologically relevant increases in extracellular glucose (10-30 mM) evoked an elevation in free intracellular calcium like that of aspartame or saccharin. In 9 of 13 neurons responsive to 30 mM glucose, the response was completely blocked by 10μM SB366791 (as in Figure 4G), while in the remaining four cells the TRPV1 antagonist had no effect.





Aspartame suppresses the B wave of the ERG in rat retina

To investigate the physiological effect of the aspartame-responding pathway in rat retina, we recorded the electroretinogram (ERG) triggered by white light stimulation. This is a light-evoked field potential in which the a-wave represents collective activity of photoreceptors while the b-wave represents the collective response of ON bipolar cells, neurons directly postsynaptic to the photoreceptors. When aspartame was applied to isolated, intact retina, the a-wave appeared unaltered (Control -140 ± S.E. 4.5μV vs 2mM aspartame 140 ± S.E. 3.5μV, p=0.481, paired t-test) while the b-wave of the ERG was suppressed by approximately 30% (Control 126 ± S.E.5.6 vs 2mM aspartame 88 ± S.E.2.1,* p=0.00001, paired t-test) (n=10, Figures 5A, B). This suggests that aspartame, activating either the TPRV1 receptor or a GPCR or both, modifies synaptic transmission at the first synapse in the retina.




Figure 5 | Aspartame reduction of ERG b-wave (A) ERG (electroretinogram) was measured in the isolated rat retina in response to a 1.5 s. white LED stimulation. 2mM aspartame (red trace) suppressed the positive-going B-wave. Black trace is control response and blue trace is recovery. Red and blue curves are shifted for viewing. (B) Summary of 2 mM aspartame effect on ERG: (Left) The A wave amplitude was not affected (Control -140 ± S.E. 4.5μV vs 2mM Aspartame 140 ± S.E. 3.5μV, p=0.481, paired t-test). (Right) The B wave was suppressed 30% in amplitude by 2mM aspartame (Control 126 ± S.E.5.6 vs 2mM Aspartame 88 ± S.E.2.1,* p=0.00001, paired t-test) (n=10).








Discussion

Fortuitously, the rat’s gustatory insensitivity to aspartame facilitated an investigation of alternative transduction mechanisms for sweet tastants. The results demonstrate that artificial sweeteners activate multiple receptor systems in rat retina, including both channels and GPCRs. Two major findings are that the retina expresses: 1) a functional sweet taste T1R2+T1R3 GPCR, and 2) an ionotropic TRPV1 receptor stimulated by sweet tastants and glucose. Effectors of both systems converge on the control of internal free calcium.




T1R2/T1R3

The sweet taste receptor in rat retina is identical to that in rat tongue (Figure 2) and not unexpectedly has a similar ligand sensitivity profile (Figure 1). We focused on the differences between artificial sweeteners: saccharin and aspartame. T1R2 knockdown partially reduced the saccharin response without effect on aspartame (Figure 3). This is consistent with the rat sweet taste receptor in tongue which is not aspartame sensitive. Even in primates, small variations in amino acids in the T1R2 binding pocket alter aspartame sensitivity (24). In the rat, differences in the “Venus flytrap” region of T1R2 account for this insensitivity. (25) (17, 26).

The function of T1R2+T1R3 in the nervous system is unclear (27). Since glucose is a main energy source for neurons, the possibility that the receptor monitors extracellular glucose is intriguing. The rise in T1R2 expression in hypothalamic cells due to reduced glucose suggests a link, but does not demonstrate that T1R2-containing receptors are directly activated by glucose (4). Furthermore, HEK-293 cells expressing rat T1R2 and T1R3 can be stimulated by sweet compounds such as sucrose and fructose but not glucose (1). The retinal GPCR response to saccharin and some D-amino acids matches well with the sweet taste system in the tongue, suggesting that it is responding to a similar ligand set. This receptor in retina may provide a means to detect carbohydrates and D-amino acids. For example, D-serine is important in NMDA receptor function and is detected by T1R2/T1R3 (28).





TRPV1

The multimodal TRPV1 receptor was a good candidate for the rat retina aspartame response. TRPV1 receptors expressed in HEK293 cells can be activated by saccharin and aspartame (29) and TRPV1 channels are found in retina (23, 30, 31).

Based on the effects of TRPV1 knockout mice and TRPV1 antagonists, this retinal receptor is responsive to both saccharin and aspartame. TRPV1 plays a role in taste sensation in tongue, where it is proposed to complement umami and sweet taste responses and may account for the metallic taste of artificial sweeteners. (32). It is interesting, and perhaps important, that sweet tastants activate a combination of sweet taste and TPV1 receptors in both retina and tongue.

The aspartame TRPV1 signal may represent coding of extracellular glucose levels. Glucose produced a rise in internal calcium that was fully blocked by SB366791 in 70% of the neurons tested. The TRPV1 receptors have links with glucose metabolism. For example, insulin can sensitize TRPV1 channels in sensory neurons of the pancreas, while TRPV1 antagonists can increase insulin secretion and improve insulin resistance in diabetic mice (33). TRPV1 receptors are involved in weight control and glucose tolerance (34–39). N-oleoylethanolamide, an endogenous TRPV1 ligand, reduces food intake in wild type, but not in TRPV1 knockout mice (40). Multiple glucose-sensing mechanism exist in hypothalamic neurons, including the canonical mechanism found in pancreas (41, 42). The TRPV1 channel, producing an elevation of internal calcium, may complement the glucose response system as it does the sweet taste pathway.





Electroretinogram

The b-wave of the electroretinogram (ERG) is reduced by aspartame, suggesting a depression of the photoreceptor synaptic signal. TRPV1 in monkey retina is associate with feedback inhibition from horizontal cells to photoreceptors (43), but there is no equivalent evidence in rodent, The effect of aspartame on light responses is a phenomenological tool but is not a clinical concern because aspartame is fully broken down to aspartate and phenylalanine in the gut and is not detectable in the blood.





Detection by channels and GPCRs

For both the saccharin and aspartame responses, there was a component that required normal levels of extracellular calcium and a component that did not. This distinction is typical of the dichotomy between ionotropic and metabotropic receptor signaling, respectively. Consistent with that model, TRPV1 blockers inhibited only the calcium-dependent responses to both aspartame and saccharin. The metabotropic receptor in the saccharin pathway is the T1R2+T1R3 receptor. The Caout –independent, putative metabotropic pathway for aspartame was not identified, although some researchers have postulated that the cannabinoid receptor is the metabotropic correlate of TRPV1 because anandamide is an agonist for both receptors. Whether saccharin also activates this other GPCR is unclear, although behavioral studies raise that possibility (44).
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Biotin-cGMP and -cAMP are able to permeate through the gap junctions of some amacrine cells in the mouse retina despite their large size
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Gap junctions transmit electrical signals in neurons and serve metabolic coupling and chemical communication. Gap junctions are made of intercellular channels with large pores, allowing ions and small molecules to permeate. In the mammalian retina, intercellular coupling fulfills many vital functions in visual signal processing but is also implicated in promoting cell death after insults, such as excitotoxicity or hypoxia. Conversely, some studies also suggested a role for retinal gap junctions in neuroprotection. Recently, gap junctions were also advocated as conduits for therapeutic drug delivery in neurodegenerative disorders. This requires the permeation of rather large molecules through retinal gap junctions. However, the permeability of retinal networks for molecules >0.6 kDa has not been tested systematically. Here, we used the cut-loading method and probed gap junctional networks in the mouse retina for their permeability to cGMP and cAMP coupled to Biotin, using the well-characterized tracer Neurobiotin as control. Biotin-cGMP and -cAMP have a molecular weight of >0.8 kDa. We show that they cannot pass the gap junctions of horizontal cells but can permeate through the gap junctions of specific amacrine cells in the inner retina. These amacrine cells do not comprise AII amacrine cells and nitric oxide-releasing amacrine cells but some unknown type. In summary, we show that some retinal gap junctions are large enough to let molecules >0.8 kDa pass, making the intercellular delivery of therapeutic agents – already successfully exploited, for example, in cancer – also feasible in neurodegenerative diseases.
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1 Introduction

Gap junctions or electrical synapses are clusters of intercellular channels connecting the interior of two adjacent cells, allowing for the exchange of ions, second messengers, and other signaling molecules (<1 kDa) (1, 2). Gap junctions, formed by connexin proteins, are widespread in the central nervous system and particularly abundant in the mammalian retina, where 11 different connexin isoforms were reported to be expressed [reviewed in (3)]. All major classes of retinal neurons (photoreceptors, horizontal, bipolar, amacrine, and ganglion cells) and glia cells form coupled networks in the retina (4–6), which contribute to visual signal processing by playing an essential role in dim light vision (7–9), noise reduction (10, 11), spike synchronization (12, 13), and regulation of receptive field size (14, 15).

Gap junctions are essential for visual processing and are also shown to be involved in secondary cell death in the retina by potentially spreading toxic molecules from dying cells to coupled neighbors (16, 17). For example, induction of apoptotic cell death in individual retinal ganglion cells leads to the loss of neighboring ganglion and amacrine cells. In contrast, the blockade of gap junctions prevents this so-called “bystander effect” (16, 18). In addition to their spreading death signals, gap junctions were discussed as neuroprotectors (19), saving neighboring cells from insults. For example, inhibitors of gap junctions were shown to cause apoptosis (20); also, upregulation of connexin36 in retinal neurons was established to protect from secondary cell loss, while loss of connexin36 was reported to promote secondary cell death (21). These findings have identified gap junction proteins as promising therapeutic targets for neuroprotection (reviewed in 22).

Recently, gap junctions were also advocated as promising new routes for therapeutic drug delivery (23–26). For example, gap junction-containing liposomes were used in cells to successfully deliver chemotherapeutics to breast cancer cells (26), and gap junctions were exploited to send small interfering RNAs (siRNA) from one cell to another in cultured cells (27). However, knowledge on the potential use of gap junction-mediated drug delivery in neurodegenerative disorders is scarce, and a deepened understanding of the permeability of neuronal gap junctions is needed. Here, we used the mouse retina as a test system and evaluated the permeability of two intracellular messengers (cGMP, cAMP), which can exert various functions in retinal neurons, including activation of protein kinases, ion channels, and transcription factors (28). Both cGMP and cAMP were conjugated to Biotin, which is known to permeate through gap junctions and can easily be visualized by fluorophore-coupled streptavidin. We found that - despite their large size of >0.8 kDa - Biotin-conjugated cAMP and cGMP were able to pass some gap junctions in the inner retina, while not passing to gap junctions between horizontal cells and between AII amacrine cells. This study shows that some neuronal gap junctions can permeate surprisingly large substances, opening up an avenue for drug delivery in neurodegenerative disorders.




2 Methods



2.1 Animals and tissue preparation

Animals were maintained under a 12 h light/dark cycle with food and water ad libitum. All procedures were approved by the local animal welfare committee [Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit, KDE TSG4 (3)] and were in accordance with the law on animal protection issued by the German Federal Government (Tierschutzgesetz). C57BL6/J mice (aged 4 to 6 months, both sexes) were dark-adapted for 1.5 h before euthanasia with CO2 to equilibrate their adapted state. After cervical dislocation, eyes were rapidly removed and transferred to hydrogen carbonate-buffered Ames’ solution (A1420-10X1L, Sigma-Aldrich, MO, USA) equilibrated with carbogen (95% O2/5% CO2) and maintained at 32°C. The cornea, lens, and vitreous body were carefully removed. The choroid fissure was identified on the sclera (29), and a reference cut was made on the ventral temporal side of the eye cup with curved scissors to keep track of the retinal orientation.

The eyecup (containing retina, pigment epithelium, choroid, and sclera) was preincubated in Ames’ solution for 20 mins with or without 50 μM meclofenamic acid (MFA, M4531, Sigma-Aldrich).




2.2 Cut-loading

After preincubation, the eye cup was briefly removed from the Ames’ solution and cut along the nasal, temporal, ventral, and dorsal side with a size 11 scalpel blade coated with 15.5 mM N-(2-aminoethyl) biotinamide hydrochloride (0.5% Neurobiotin™ Tracer, SP-1120, Vector Laboratories, CA, USA), 15.5 mM Biotin-conjugated cGMP (00021, Biotium) or 15.5 mM Biotin-conjugated cAMP (00020, Biotium). The eyecup was incubated with the tracer for 30 seconds and then immersed in Ames’ solution. The tracers were allowed to diffuse for 10 min. Then, the retina was quickly dissected from the eyecup, mounted (ganglion cells up) onto black filter paper (0.8 µm pore size, MF-Millipore™, Ireland), and fixed with 2% paraformaldehyde supplemented with 3% sucrose (w/v, diluted in 0.1 M phosphate buffer, PB) at room temperature for 30 min.




2.3 Immunostaining

Retinas were washed in 0.1 M PB before blocking in 10% donkey serum (diluted in 0.1 M PB with 0.5% Triton-X100) for one hour and then incubated with Alexa Fluor™ 568 Streptavidin (1:250; S11226, Invitrogen) overnight. In some experiments, tracer visualization was combined with immunohistochemistry. Whole-mounts were incubated in primary antibodies (Pax6, 1:25, mouse; Developmental Studies Hybridoma Bank, RRID: AB_528427; GABA, 1:250, rabbit; A2052, Sigma Aldrich, RRID: AB_477652; NOS1, 1:500, mouse, sc5302, Santa Cruz Biotechnology, RRID: AB_626757) for three days at 4°C. After extensive washing in 0.1 M PB, the retinas were incubated for two days at 4°C with the secondary antibodies (Donkey Anti-Mouse IgG H&L Alexa Fluor® 488, ab150105, abcam, RRID: AB_2732856; Donkey anti-Rabbit IgG H&L Alexa Fluor™ 488, A-21206, Invitrogen, RRID: AB_2535792). To visualize cell nuclei, incubation in 4′,6-diamidino-2-phenylindole (DAPI, 1:1000, ab228549, Abcam) followed. After several washing steps, retinas were mounted on slides and coverslipped with an aqueous mounting medium (Vectashield, Vector Laboratories).




2.4 Microscopy

Images were collected at similar retinal eccentricities using a confocal laser scanning microscope (Leica TCS SP8) and a 20x objective (HC PL APO 20x/0.7 imm.). Settings were kept constant for one set of experiments; confocal stacks (1,024×1,024 pixels) were acquired from the outer plexiform layer to the ganglion cell layer (1 µm steps) at a zoom of 1.




2.5 Image analysis and quantification

Image analysis was done with Fiji (30). In brief, image stacks were background subtracted (rolling ball radius of 50 pixels) and contrast-enhanced using Fiji tools. Evenly spaced Neurobiotin+/Biotin+ cells with large somata in the distal inner nuclear layer were identified as horizontal cells which was confirmed by calbindin labeling (see Supplementary Figure 1). Pax6+/Neurobiotin+ cells in the proximal inner nuclear layer were identified as amacrine cells. For intensity plots, Pax6+ and Neurobiotin+ cells were identified by the Colocalization Highlighter tool (using Li as an automated threshold), and their mean pixel intensity and distance from the cutting edge were measured. For the Neurobiotin channel, intensities were normalized per cutting site (evaluated at 0.5 to 1.1 mm from the optic nerve head) and then plotted as relative intensity against distance from a cut in OriginPro 2021 (OriginLab). The intensity plot was fit with a single exponential function (Equation 1), deriving a length constant λ from the fit:

 

Only fits with R2 values >0.8 were considered. Differences between length constants were determined by a Mann Whitney U test.

Cells were counted in regions of interest of 113.84 µm × 113.81 µm to determine the number of labeled cells/mm2 with the Cell Counter plugin in Fiji. To test for significant differences in the number of labeled cells, one-way ANOVA was performed (GraphPad Prism 10.1, Dotmatics) with “substance” as a factor and posthoc corrections for multiple comparisons (Dunnett’s T3 multiple comparisons test). The alpha level was 0.05 for all statistical tests. Values are always given as mean ± standard deviation of the mean. If the p-value is below 0.0001, it is given as p < 0.0001; in all other cases, exact p-values are given.




2.6 Quantum chemistry optimization of molecular structures

Quantum chemistry computations were performed to determine the optimized structures of Biotin-cGMP, Biotin-cAMP, and Neurobiotin employing the ORCA 5.0.0 (31) software package. The calculations utilized the TPSSh GGA functional with the def2-SVP basis set (32, 33) and the resolution of identity approximation (RIJCOSX) with the def2/J auxiliary basis. The calculations were carried out with account for the D3 dispersion correction (34, 35). Since the dispersion interactions are not described accurately by the GGA functionals, Grimme’s correction was used (34).

To investigate possible conformers of Biotin-cAMP/-cGMP and Neurobiotin, we employed the software package CREST (36, 37) (Conformer-Rotamer Ensemble Sampling Tool). Metadynamics exploring the conformational space was performed at 350 K. Conformers were sorted according to their energy, and the structures within an energy window of 10.0 kcal/mol from the most stable conformer were considered. For Biotin-cAMP, 899 conformers were found, while for Biotin-CGMP 395 conformers could be determined; in the case of Neurobiotin 471 conformers were found. All the molecules revealed high flexibility, which is expected for the long aliphatic part of each molecule. The ten most stable conformers were selected, and the geometry of these conformers was further optimized using the TPSSh/def2-SVP/D3 method. The size measurements along the three principal directions were performed for the most stable conformer of each molecule.

Optimizations without dispersion correction were carried out to qualitatively investigate the structure of Biotin-cAMP/-cGMP and Neurobiotin geometries in solution. Less stacked configurations due to the lack of weak van-der-Waals self-interactions were found.





3 Results



3.1 Tracer coupling in the outer retina

In the outer retina of the mouse, horizontal cells are of the axon-bearing B-type (38). They form an extensive, gap junction-coupled network that is permeable to Neurobiotin (14). Therefore, we used Neurobiotin as a positive control before testing for the permeability of other Biotin-conjugated substances. As expected, Neurobiotin (Figure 1A) spread from the cutting site into the retina. The relative intensity of Neurobiotin+ cells decreased with distance from the cutting site (Figures 1A, B). This decay could be fit with a single exponential function as expected for a diffusion process (see a representative example in Figure 1C, R2 = 0.95, yielding a space constant of 107.5 µm, Figure 1E). To test whether the observed tracer spread was indeed mediated by gap junctions, retinas were pre-incubated in the gap junction blocker MFA (39). A relatively low concentration of 50 µM was used to prevent retina damage, which is not enough to block all gap junctions but is expected to reduce tracer spread between horizontal cells (40). As expected, MFA preincubation decreased the spread of Neurobiotin through the horizontal cell network (Figures 1B, D) and led to significantly lower space constants (Figure 1E; Neurobiotin: 99 ± 43 µm, N = 25 cuts from 4 retinas, 4 mice; Neurobiotin + MFA: 65 ± 25 µm, N = 14 cuts from 3 retinas, 3 mice; Mann-Whitney U test, p = 0.009). Also, the number of Neurobiotin+ cells/mm2 was significantly lower after MFA preincubation compared to control conditions (Figure 1F; Neurobiotin: 312 ± 113 cells/mm2; Neurobiotin + MFA: 187 ± 63 cells/mm2; Mann-Whitney U test, p = 0.0018).




Figure 1 | Gap junctions of mouse horizontal cells are permeable for Neurobiotin but not for Biotin-cGMP and -cAMP. (A) Diffusion of tracers, cutting site on the left. (B) MFA reduced the spread of Neurobiotin in the horizontal cell network. (C) The relative tracer intensity of Neurobiotin, Biotin-cGMP, and Biotin-cAMP was plotted against the distance from the cut. Data for Neurobiotin was fit with a single exponential function. (D) Tracer diffusion in the horizontal cell layer w/o MFA preincubation, fit with exponential functions (solid line: Neurobiotin; dashed line: MFA+Neurobiotin). (E) Space constant of Neurobiotin spread was significantly lower after MFA preincubation than under control conditions (without MFA: 99 ± 43 µm, N = 25 cuts from 4 retinas, 4 mice; with MFA preincubation: 66 ± 25 µm, N = 14 cuts from 3 retinas, 3 mice; Mann-Whitney U test, p = 0.009, **). (F) The number of Neurobiotin+ horizontal cells/mm2 was significantly lower after MFA preincubation than under control conditions (without MFA: 312 ± 113 cells/mm2; with MFA preincubation: 187 ± 63 cells/mm2; Mann-Whitney U test, p = 0.0018, **).



After the successful establishment of a cut-loading protocol, we tested two Biotin-conjugated compounds for their permeability: Biotin-conjugated cGMP (MW = 832 g/mol) and Biotin-conjugated cAMP (MW = 826 g/mol). We determined the molecular dimensions of both substances (Figures 2A, B, D, E; Supplementary Movie 1, 2) in comparison with Biotin (Figures 2C, F). To approximate the minimal pore diameter required to allow the substances’ permeation, we determined their second largest dimension (41) with dispersion correction (Figures 2A–C) and when inter-molecular dispersion interactions are possibly diminished by e.g., solvent (Figures 2D–F). The latter yielded breadths of 11.0 Å and 10.1 Å, respectively, for Biotin-cGMP and Biotin-cAMP which are considerably larger than the breadth of Biotin (5 Å).




Figure 2 | Characteristic sizes of Biotin-cGMP, Biotin-cAMP, and Biotin, followed by quantum chemical computations. The visualization presents the comparative sizes of Biotin-cGMP (A, D), Biotin-cAMP (B, E), and Biotin (C, F) in Cartesian coordinates. The Z-axis corresponds to the molecule’s longest dimension in these structures, while the X-axis represents the second-longest dimension, which is presumably the most relevant for the compounds’ permeability through gap junction channels. Structures (A–C), derived from CREST analysis with dispersion correction, show that Biotin-cGMP has a maximum length (Z-axis) of 15.4 Å and a breadth (X-axis) of 9.1 Å. Similarly, Biotin-cAMP has a length of 11.9 Å and breadth of 9.3 Å, while Biotin measures 9.2 Å in length and 5.9 Å in breadth. Conversely, structures (D–F), optimized without dispersion correction to qualitatively investigate the structure of Biotin-cAMP/-cGMP and Biotin geometries in solution, exhibit more elongated geometries. In these structures, Biotin-cGMP, Biotin-cAMP, and Biotin have the most extended dimensions of 20.9 Å, 24.0 Å, and 13.5 Å, respectively, with their respective breadths being 11.0 Å, 10.1 Å, and 5.0 Å.



After cut-loading, the two compounds did not spread through the horizontal cell network (Figure 1A), demonstrated by a very low number of Biotin+ cells distal from the cut. Accordingly, the relative intensity of the tracer spread could not be fit with an exponential function (Figure 1C). As hardly any Biotin+ horizontal cells were visible distal from the cut, we did not calculate the density of Biotin+ cells. Together, these results indicate that the gap junctions between horizontal cell dendrites are impermeable for the large compounds Biotin-cGMP and Biotin-cAMP.




3.2 Tracer coupling in the inner retina

Next, we focused on the inner retina where many different gap junction-coupled networks exist, e.g., narrow-field AII amacrine cells coupled among each other and to ON bipolar cells (42), various types of wide-field amacrine cells coupled among each other (43, 44) and to ganglion cells (45). Again, we first analyzed samples cut-loaded with Neurobiotin (Figure 3A). To restrict our analysis to amacrine cells, we co-labeled the retinas for Pax6, a marker for amacrine but not bipolar and Müller cells in the mouse retina (46). Many Neurobiotin+/Pax6+ cells became visible. However, tracer intensity did not decay exponentially with distance from the cutting site (Figure 3B). We hypothesize that the many gap junctional networks with various gap junction proteins and cell types connected obscure the exponential decay. To test for gap junctional coupling, we preincubated retinas with the gap junction blocker MFA (Figures 3, 4). As we could not determine length constants, we counted the Neurobiotin+/Pax6+ cells. MFA was reported to block gap junctions between AII amacrine cells (47), representing the most numerous amacrine cell types in the mouse retina (48, 49). Even though MFA will not block all AII gap junctions at a concentration of 50 µM (47), MFA preincubation should substantially reduce Neurobiotin+/Pax6+ amacrine cells. This was indeed the case. The number of Neurobiotin+/Pax6+ cells significantly decreased from 3777 ± 169 cells/mm2 (N = 16 cuts from 3 retinas, 3 mice) in control to 1752 ± 204 cells/mm2 in MFA-treated retinas (N = 7 cuts from 2 retinas, 2 mice, Figure 4E, one-way ANOVA, p < 0.0001).




Figure 3 | Various gap junctional networks in the amacrine cell layer contribute to the tracer decay. (A) Neurobiotin diffusion without (left) and with (right) MFA preincubation in the inner retina, cutting site on the left. Retinas were labeled with Pax6. Many Neurobiotin+ were Pax6+, confirming coupled cells as amacrine cells. White boxes indicate the areas shown as single channels in the middle panel; the overlay of both channels is shown as magnification in the bottom panel. (B) Relative tracer intensity of NB with and without MFA preincubation plotted against distance from cut. The large dispersal suggests that several gap junctional networks are present as the Neurobiotin spread does not follow an exponential function.






Figure 4 | Gap junctions of some amacrine cells in the inner retina are permeable to Biotin-cGMP and -cAMP. (A, B) Biotin-cGMP (A) and Biotin-cAMP (B) diffusion in the inner retina without (left) and with (right) MFA preincubation. Pax6 labeling was used to identify coupled amacrine cells. White boxes indicate the areas shown as single channels in the middle panel; the overlay of both channels is shown as magnification in the bottom panel. (C, D) Diagrams show the relative tracer intensity of Pax6+ cells plotted against the distance from cut for Biotin-cGMP (C) and Biotin-cAMP (D). Tracer diffusion followed an exponential function only under control conditions but not after MFA preincubation. (E) Summary diagram showing the number of Biotin+ and Pax6+ amacrine cells per mm2 for the different substances with and without MFA preincubation. Statistical analysis showed significant differences between Neurobiotin cuts with (n = 7 cuts from 2 retinas; 1752 ± 204 cells/mm2) and without MFA (N = 16 cuts from 3 retinas, 3 mice; 3777 ± 169 cells/mm2; p < 0.0001, ****), Biotin-cGMP cuts with (N = 24 from 3 retinas, 3 mice; 75 ± 44 cells/mm2) and without MFA (N = 16 cuts from 3 retinas, 3 mice; 219 ± 90 cells/mm2; p = 0.0001, ***), and Biotin-cAMP cuts with (N = 24 cuts from 3 retinas, 3 mice; 61 ± 39 cells/mm2) and without MFA (N = 16 cuts from 3 retinas, 3 mice; 118 ± 56 cells/mm2; p = 0.0255, *).



Next, we tested the two Biotin-conjugated compounds, Biotin-cGMP and -cAMP, and again focused our analysis on Biotin+/Pax6+ cells (Figure 4). Both substances showed weak coupling (Figures 4A, B), with 219 ± 90 cells per mm2 for Biotin-cGMP (N = 16 cuts from 3 retinas, 3 mice) and 118 ± 56 cells per mm2 for Biotin-cAMP (N = 16 cuts from 3 retinas, 3 mice). As the coupling decayed exponentially from the cutting site (Figures 4C, D), Biotin-cGMP and -cAMP may only pass through the gap junctions of a single cell type. Differences between the two compounds were significant (Figure 4E, one-way ANOVA, p = 0.0111). Coupling was significantly lower than Neurobiotin (one-way ANOVA, p < 0.0001 for Biotin-cGMP and Neurobiotin, p < 0.0001 for Biotin-cAMP and Neurobiotin). It significantly decreased for both Biotin-conjugated compounds after MFA preincubation (Figure 4E, one-way ANOVA, p = 0.0001 for Biotin-cGMP and p = 0.0255 for Biotin-cAMP), confirming the involvement of gap junction-mediated substance transfer. MFA preincubation seemed to reduce substance transfer to a background level, as differences between Biotin-cGMP and -cAMP after MFA treatment were insignificant (one-way ANOVA, p = 0.9765).

Together, these results suggest that the large compounds Biotin-cGMP and -cAMP can pass the gap junctions of at least one class of amacrine cells in the inner retina. As the number of coupled cells/mm2 is relatively low, this cell class does not comprise narrow-field AII amacrine cells but likely represents a class of wide-field amacrine cells. To test this hypothesis, we co-labeled coupled cells with GABA (Figure 5A). We found that amacrine cells with gap junctions permeable for Biotin conjugates are all GABA- and may represent narrow-field amacrine cells. In addition, we labeled for NO synthase (NOS) because NOS-expressing amacrine cells were reported to form a strongly coupled gap junctional network and have a similar density (50) as the Biotin+ cells we found. However, Biotin+ cells were all NOS- and thus do not seem to represent this cell type (Figure 5B).




Figure 5 | The amacrine cell type permeable for the large Biotin-conjugated compounds are GABA- and NOS-. (A, B) Retinas cut-loaded with Biotin-cGMP were co-stained with GABA (A) and NOS1 (B), a marker for nitric oxide-synthesizing amacrine cells. White boxes indicate the areas shown as single channels in the middle panel; the overlay of both channels is shown as magnification in the bottom panel. Biotin+ cells did not colocalize with GABA or NOS, suggesting that coupled cells belong to non-GABAergic amacrine cells despite their relatively low density. The arrow points to a seemingly colocalized cell but closer inspection of the confocal stack showed that the NOS+ cell lies on top of the Biotin+ cell.







4 Discussion

This study used the mouse retina to study whether large Biotin-conjugated substances with a molecular mass of >0.8 kDa can pass neuronal gap junctions. Indeed, we found that a network of amacrine cells in the inner retina expresses gap junctions, which allow the passage of these compounds, suggesting that neuronal gap junctions may be exploited to transfer of large substances with therapeutic value (e.g., miRNAs).



4.1 Gap junctions of horizontal cells are impermeable to Biotin-cGMP and -cAMP

We successfully adopted a cut-loading method (40, 51) and validated it with Neurobiotin, a tracer known to permeate through retinal gap junctions (4), and MFA, a well-characterized blocker of gap junctions (39). As expected, Neurobiotin spread through gap junctions in horizontal cells (14, 52) and accumulated in horizontal cell somata without clearly visualizing the dendro-dendritic network. In line with expectation, Neurobiotin spread was strongly decreased when the retina was preincubated with MFA (39), demonstrating the functioning of the assay. However, both Biotin-conjugated cyclic nucleotides could not pass the gap junctional network of horizontal cell dendrites. This aligns with earlier work showing that Lucifer Yellow (0.4424 kDa) cannot pass gap junctions made of connexin57 (53), which is the connexin forming the dendro-dendritic gap junctions in mouse horizontal cells (14, 54, 55). Mouse horizontal cells were reported to express a second connexin, connexin50 (56), which has a much higher single-channel conductance than connexin57 (220 pS vs. 57 pS, respectively) (57, 58) and can pass Lucifer Yellow as shown in A-type horizontal cells of the rabbit retina (59). However, connexin50 was only detected in axo-axonal gap junctions of the B-type horizontal cells in the mouse retina (56), which were not probed by the cut-loading method as we never saw any labeled axon terminals of horizontal cells in our cut-loading experiments.




4.2 Some amacrine cells form gap junctions large enough for Biotin-cGMP and -cAMP passage

In the inner retina, the high density of Neurobiotin+ cells suggested that the cut-loading method probed many different gap junction networks simultaneously. Gap junctional coupling between amacrine cells and bipolar cells [predominantly by AII amacrine cells (60)], between amacrine cells [again, predominantly by AII amacrine cells (60)], and between amacrine and ganglion cells (45) may obscure exponential decay of tracer intensity from the cutting edge. Therefore, we could not determine length constants to estimate diffusion, so we counted the number of cells per mm2 to identify the cells (and potentially the gap junction protein or connexin) underlying the coupling. In controls, more than 3000 cells/m2 were Neurobiotin+, in line with the assumption that most Neurobiotin+ cells represent AII amacrine cells because they have a density between 3000 and 3800 cells/m2. AII cells form gap junctions made of connexin36 (7), which likely did not allow the Biotin-conjugated cyclic nucleotides to pass because the number of coupled cells dropped dramatically when using these tracers. This is not surprising as connexin36 channels have a very low unitary conductance [10-15 pS (61)]. However, unitary conductance might not always be informative on the permeability of gap junctions because, despite their low unitary conductance, connexin36 gap junctions can pass Lucifer Yellow (61) whereas, for example, connexin57 with its much higher unitary conductance cannot (53).

Biotin-cGMP and -cAMP showed some gap junction coupling in amacrine cells, as evidenced by 1) co-labeling of Biotin+ with Pax6 in the proximal inner nuclear layer and 2) decrease in the number of Biotin+/Pax6+ cells after MFA preincubation although we cannot fully exclude the possibility that tracer uptake by wide-field amacrine cells weakly contributes to the number of Biotin+ cells. In a retina, which was cut in only one position with a Biotin-cAMP-coated blade, Biotin+ cells extended well beyond the presumed size of individual wide-field amacrine cells and were detected also up to 1 mm from the cutting site (Supplementary Figure 2). Based on the relatively low density of Biotin+/Pax6+ cells (≤ 200 cells/m2), we suspected these cells to represent wide-field amacrine cells, which are usually GABAergic (62). Yet, double-labeling with GABA revealed that all coupled cells were GABA-. We also labeled for NO synthase because an earlier study showed that amacrine cells expressing NO synthase (called nNOS-2 amacrine cells) form large coupled networks, made of connexin45 (50). However, all Biotin+ amacrine cells were NOS1-, also excluding this cell type. As the density of Biotin+/Pax6+ cells seems too low for glycinergic amacrine cells, which are narrow-field amacrine cells (62, 63), these cells may represent GABA-/glycine- amacrine cells (also termed nGnG). Recently, four types of nGnG cells have been identified in a transcriptomic approach and reported to have a low cell density (46). Interestingly, one of the nGnG amacrine cells shows extensive tracer coupling and expresses various connexins: connexin36, connexin45, and connexin23 (64). It seems unlikely that connexin36 and connexin45 let Biotin-conjugated cyclic nucleotides pass in one cell type and not in another, but we cannot completely exclude this possibility. However, connexin23 may be an exciting candidate; it was reported not to form functional gap junction channels in vitro but hemichannels permeable to ATP (65), which is rather large (0.51 kDa). Yet, its involvement in tracer coupling has never been reported, and protein expression was never shown for the retina.

In summary, some amacrine cells are able to transfer large Biotin-conjugated substances via gap junctions from one cell to another but which of the more than 60 different types of amacrine cells (46) is responsible for this, remains elusive.

There seemed to be a slight preference for Biotin-cGMP passage over Biotin-cAMP despite the relatively small difference in molecular weight (0.006 kDa). In fact, our calculations of the second largest dimension showed that Biotin-cGMP is slightly larger than Biotin-cAMP with dispersion correction (Figures 2A, B) and when inter-molecular dispersion interactions are limited by e.g., solvent (Figures 2D, E) while both substances are considerably larger than Biotin (Figures 2C, F). Although the Biotin-conjugated cyclic nucleotides were very long (>20 Å), their second largest dimension was similar to other gap junction-permeable substances, like Lucifer Yellow [9.9 Å (66)] and Alexa 488 [10.5 Å (41)] and even smaller than Alexa 594 [13.8 Å (41)].




4.3 Potential exploitation of the results

In recent years, gap-junction-mediated coupling was not only found to facilitate or counteract cell death processes but also demonstrated as a tool to deliver substances of potential therapeutic value (miRNAs) in cultured cells expressing connexin43 (25, 27). These miRNAs have a size of ~1 kDa. Our results on the transfer of rather large compounds in the mouse retina may suggest that even in intact neuronal tissue, some gap junctions may be permeable to miRNAs or siRNAs. This would open up exciting possibilities for neuron protection: Amacrine cells undergo apoptosis after retinal ganglion cells in ischemic retinas due to a gap-junction-mediated bystander effect (16). Delivering, for example, siRNAs interfering with apoptotic pathways may offer the potential to prevent progressive cell loss in retinal degenerative diseases. However, the size of a compound is not the only determinant for its ability to permeate through gap junctions, but gap junction composition, phosphorylation state, transjunctional voltage, pore size, and electrostatic properties come into play (1, 41, 66–68). Therefore, further studies are needed to explore the therapeutic potential of health signal delivery through retinal gap junctions.
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Introduction

Estrogen has emerged as a multifaceted signaling molecule in the retina, playing an important role in neural development and providing neuroprotection in adults. It interacts with two receptor types: classical estrogen receptors (ERs) alpha and beta, and G protein-coupled estrogen receptor (Gper). Gper differs from classical ERs in structure, localization, and signaling. Here we provide the first report of the temporal and spatial properties of Gper transcript and protein expression in the developing and mature mouse retina.





Methods

We applied qRT-PCR to determine Gper transcript expression in wild type mouse retina from P0-P21. Immunohistochemistry and Western blot were used to determine Gper protein expression and localization at the same time points.





Results

Gper expression showed a 6-fold increase during postnatal development, peaking at P14. Relative total Gper expression exhibited a significant decrease during retinal development, although variations emerged in the timing of changes among different forms of the protein. Gper immunoreactivity was seen in retinal ganglion cells (RGCs) throughout development and also in somas in the position of horizontal cells at early time points. Immunoreactivity was observed in the cytoplasm and Golgi at all time points, in the nucleus at early time points, and in RGC axons as the retina matured.





Discussion

In conclusion, our study illuminates the spatial and temporal expression patterns of Gper in the developing mouse retina and provides a vital foundation for further investigations into the role of Gper in retinal development and degeneration.
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1 Introduction

Estrogen is best known for its role in the development and regulation of the reproductive system. However, it also plays an important role in many organ systems, including the central nervous system (CNS) (1). Estrogen has been shown to have neuroprotective effects in the CNS (2) and in models of retinal degenerative disorders including glaucoma (3–5). Estrogen has also emerged as a multifaceted signaling molecule in CNS development, playing a role in cell proliferation, differentiation, migration, and growth of neuronal processes (1, 6–8).

Estradiol (E2), the predominant estrogen form, acts on two types of receptors, classical estrogen receptors (ERs) alpha and beta, and the non-canonical membrane estrogen receptor, G protein-coupled estrogen receptor (Gper). Gper is a novel estrogen receptor, differing from classical ERs in structure, localization, and signaling pathways (9, 10). Classical ERs are nuclear receptors that act through a genomic pathway, dimerizing when activated by E2 and translocating from the cytoplasm to the nucleus where they bind to promoters of target genes (11). In contrast, Gper regulates the rapid, non-genomic actions of E2 on classical ERs (9, 12–14), ultimately leading to genomic action (15). Gper, also known as Gper1 or GPR30, is highly conserved in vertebrate species (16, 17) dating to 4.5 million years ago. It is ubiquitously distributed throughout the body including the central and peripheral nervous systems (1). Gper regulates proliferation in neural stem/progenitor cells (18, 19) and differentiation in oligodendrocytes (20). In zebrafish, Gper has been linked to regulation of Otx2 expression where it influences development of sensory organs and the brain (21). Here we provide the first report of the temporal and spatial properties of Gper transcript and protein expression in the postnatal developing and mature mouse retina.




2 Materials and methods



2.1 Animals

All animal procedures adhered to National Institutes of Health Guidelines on Laboratory Animal Welfare and were approved by Saint Louis University’s Institutional Animal Care and Use Committee (IACUC). Housing facilities were maintained with a 12-hour light/dark cycle. Tissue samples were harvested from wild type C57BL/6J mice (Jackson Laboratory, CAT #: 000664) at seven time points from postnatal day (P)0 to P21. Samples from animals were age-matched between different litters. Animals were sexed on P0 and again on the day of tissue collection. Animals between P0-P8 were euthanized via induced hypothermia followed by decapitation. Animals between P11-P21 were euthanized by intraperitoneal injection of pentobarbital (≤0.1 ml). Eyes were enucleated on ice and the anterior segment removed.




2.2 Quantitative reverse transcription polymerase chain reaction

Retinas were isolated as above and pooled with four retinas in each P0-P5 sample and two retinas in samples harvested at P8-P21. Total RNA was extracted using Quick RNA Mini-Prep Plus (Zymo Research, CAT #: R1057) using the manufacturer’s protocol. RNA quality was measured on the Synergy H1 BioTek plate reader at 260nm/280nm, and the values were between 1.8 and 2. cDNA was made with primers shown in Table 1 using the Iscript Reverse Transcription Supermix (Bio-Rad, CAT#: 1708841) according to the manufacturer’s protocol on a Labnet MultiGene Optimax (Labnet International). The final concentration of cDNA for amplification was 903.12 ng (90.312 ng/μl). Samples were mixed with PowerUp SYBR Green Master Mix (Thermo Fisher, CAT #: A25742) and amplified in a MicroAmp Enduraplate Optical 96 well Fast Clear Reaction Plate (Applied Biosystems, CAT#: 4483485) covered with an Optical Adhesive Cover (Applied Biosystems, CAT#: 4360954) on a QuantStudio 5 Real-Time PCR System (Applied Biosystems).


Table 1 | Primers for qRT-PCR.






2.3 Western blot assay

Tissue processing and Western blot assay were performed as previously described (22) with variations noted. Retinas were isolated, flash frozen, and stored in microcentrifuge tubes at -80°C until further processing. P0 samples consisted of eight retinas, P2-P8 samples consisted of six retinas, and P11-P21 samples consisted of four retinas. Whole brain cortex from P2 was used as a positive control. Sample lysis was performed with a mixture of Pierce Radio Immune Precipitation Assay (RIPA) buffer (Thermo Fisher Scientific, CAT #: 89900), 1% Mammalian Protease Inhibitor Cocktail (Sigma-Aldrich, CAT #: P8340) and 1% 0.1M of phenylmethylsulfonyl fluoride protease inhibitor (Sigma-Aldrich, CAT #: P-7626). Tissue was emulsified by sonification for 20 (P0-P14) or 40 seconds (P21, plus positive control) with the Sonic Dismembrator Model 100 (Thermo Fisher Scientific) on a setting of 1 and an output of 3 Watts.

Total protein of the samples was determined using a BCA assay (Pierce™ BCA Protein Assay Kit, CAT #: 23227) following manufacturer’s instructions and measured on the Synergy H1 BioTek plate reader. Sample protein concentration was normalized with RIPA buffer, except for the positive control, followed by addition of 5% beta-mercaptoethanol (Sigma-Aldrich, CAT #: M3148), and 35% LDS 4x TruPage LDS Buffer (Millipore, CAT #: PCg3009). Gel electrophoresis was performed on three biological replicates of each timepoint using mPage precast gels (EMD Millipore Corporation, CAT #: MP41G12) and mPage MOPS SDS Running Buffer (EMD Millipore Corporation, CAT #: MPMOPS) following manufacturer’s instructions. Precision Plus Protein Kaleidoscope (Bio-Rad, CAT #: 1610375) was used as our protein standard.

Proteins were transferred overnight at 25 V in mPage Transfer Buffer (EMD Millipore Corporation, CAT #: MPTRB). Blots were cut between the 50 kDa and 36 kDa protein markers and incubated concurrently with either a polyclonal rabbit GPR30 antibody targeted to the C-terminal for Gper (GeneTex, CAT #: GTX107748, 1:3000) or GAPDH rabbit monoclonal antibody (Cell Signaling Technologies, CAT #: 14C10,1:3000). The nitrocellulose was then incubated with IgG anti-rabbit horse radish peroxidase linked secondary antibody (Cell Signaling Technologies, CAT #: 7074S, 1:2500), with three subsequent washes for five minutes in PBST. Clarity Western ECL Substrate (Bio-Rad Laboratories, CAT #: 170-5060) was applied to the nitrocellulose as per the manufacturer’s protocol to visualize proteins via iBright FL1000.




2.4 Immunohistochemistry

Tissue processing and immunohistochemical procedures were as previously described (22). Briefly, eyecups were washed in 0.1M Phosphate Buffer Saline (PBS), fixed in 4% paraformaldehyde overnight, cryoprotected in a 30% sucrose solution, and embedded in OCT (Sakura, CAT#: 62550-01). The samples were immediately frozen on dry ice and stored at -80°C. Twelve-micron sagittal sections were cut on a cryostat (Leica CM 1850), adhered to gelatin-subbed slides, and stored at -80°C until stained. Anti-rabbit IgG Gper polyclonal antibody (GeneTex, CAT #: GTX107748, 1:1500) and anti-mouse IgG GM130 antibody (BD Biosciences, CAT #: 610822, 1:1500) were used to label Gper and the cis-Golgi marker, respectively. Secondary antibodies were Alexa Fluor 488 donkey anti-rabbit IgG (Molecular Probes, Eugene, OR; 1:600) and Alexa Fluor 555 donkey anti-mouse IgG (Life Technologies, CAT #: 1270147, 1:600). Slides were coverslipped with Invitrogen Prolong Gold Antifade Reagent with DAPI (Thermo Fisher Scientific, CAT #: P36932) and cured at room temperature for 24 hours prior to imaging on an SP8 Leica Confocal Microscope. Lasers, gain, zoom, format, a three-line average, and pinhole diameter were consistent for all images. Images were taken in 2048 x 2048 format. No adjustments were made to the images. Three or more retinal samples were analyzed at each timepoint. All images were taken from the central half of the retina.




2.5 Statistics and data analysis

qRT-PCR was performed with four biological replicates. Each plate included one biological sample and one technical replicate of that sample. Samples were separated by sex in addition to developmental timepoint and then normalized to the housekeeping gene Rplp0, which is reported to be highly stable across various tissues under different conditions, including developmental stages (23–25). Since no gender differences were observed in preliminary studies, data from males and females were combined for statistical analysis. The delta delta Ct method was used to calculate the relative fold change in Gper expression over time, followed by a one-way ANOVA to assess differences in gene expression fold changes.

Semiquantitative analysis of protein expression was determined using ImageJ densitometry to measure protein intensity on Western blot images. Integrated density measurements were recorded on three Gper bands and GAPDH. Integrated density values were averaged between four biological replicates for each timepoint and normalized to developmental timepoint P0. A one-way analysis of variance (ANOVA) was performed in Prism to analyze the effect of developmental time on Gper expression followed by a post hoc Tukey test for two-way comparisons between developmental timepoints. The 250 kDa Gper band exhibited insufficient density relative to the GAPDH control in early timepoints across two separate gels, precluding its reliable statistical assessment.





3 Results



3.1 Gper transcript expression in developing retina

We determined the expression profile of Gper in the mouse retina during postnatal development, spanning seven distinct time points from P0 to P21. Gper expression showed a 6-fold increase during postnatal development, peaking at P14 (Figure 1A). Significant differences were confirmed by a one-way ANOVA test (p < 0.0001, F = 11.92, df = 6). Posthoc analysis indicated differences between early (P0-P5), mid (P5-P11), and late (P14-P21) timepoints with the greatest difference between P0 and P14 as illustrated in Figure 1A. No significant differences were observed within early, mid, and late developmental phases.




Figure 1 | (A) Gper transcript expression was determined by qRT-PCR. The histogram displays the relative fold change in mRNA expression of Gper across seven timepoints, normalized to P0. Values represent the mean ± standard deviation from four biological replicates. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (B) Gper protein expression was determined by Western blot. P2 mouse brain cortex was used as a positive control for the Gper antibody. Gper bands at 50 kDa, 63 kDa, and 250 kDa were detected in both mouse cortex, as previously reported (26), and retina. A band representing GAPDH is shown at 36 kDa (red label). (C) Representative Western blot of Gper expression at seven timepoints is shown. GAPDH (36 kDa, red label) was used as a loading control. (D) The histogram displays the relative expression of 50 kDa Gper across seven timepoints, normalized to P0. Values represent the mean ± standard deviation from four independent experiments. **p<0.01, ***p<0.001, ****p<0.0001. (E) The histogram displays the relative expression of 63 kDa Gper across seven timepoints, normalized to P0. Values represent the mean ± standard deviation from four independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (F) Gper (top) and GM130 (bottom) localization during postnatal retinal development. Mouse retinal sections were labeled with antibodies to Gper (magenta) and the cis-Golgi marker GM130 (green). Representative images from at least three samples at each of seven timepoints are shown. Punctate Gper staining and colocalization with GM130 (white) were most intense in the GCL. Gper immunoreactivity was observed in a small number of somas in the position of horizontal cells from P2-P8 (arrowheads). By P14, RGC somas and axons were more intensely labeled (P21 inset). Control sections from P0 (P0c) and P8 (P8c) retinas treated without primary antibody showed nonspecific GM130 staining of blood vessels and, at P8, nonspecific Gper staining in the developing outer segments. All images were taken from a single 12 μm slice and photographed at 63X with 0.75X zoom. Gper and GM130 staining are shown independently in the Supplementary Figure. NBL, neuroblast layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.






3.2 Gper protein expression in developing retina

Prior investigations have reported multiple specific bands produced by Gper antibodies in Western blot assays, including a 50 kDa band representing non-glycosylated Gper and one or more larger bands representing glycosylated Gper or detergent-resistant protein complexes (27, 28). P2 whole mouse brain cortex was used as a positive control (26) with an antibody that has previously been validated through shRNA and siRNA knockdown (29). Consistent with previous reports, distinct Gper bands were detected in P2 cortex and were further confirmed in P0 retina at 50 kDa, 63 kDa, and 250 kDa (Figure 1B).

We determined the expression profile of Gper protein in the mouse retina during postnatal development at seven time points from P0 to P21. The three bands identified in positive controls were apparent throughout development of the retina (Figure 1C). The 50 kDa band consistently exhibited greater intensity compared to the 63 kDa band, with both bands displaying a reduction over the course of development. The 50 kDa band decreased sharply beginning at P5 (Figure 1D), while the 63 kDa band peaked at P5 and decreased beginning around P8-P11 (Figure 1E). Observations of the 250 kDa glycosylated Gper were suggestive of an increase at later time points, which would follow the opposite trend to non-glycosylated Gper (Figure 1C), however the data was insufficient for quantitative analysis, precluding definitive conclusion.




3.3 Gper localization in developing retina

We next performed immunohistochemistry to determine the spatial and temporal expression of Gper during postnatal development. To better visualize changes in subcellular localization resulting from increased Gper glycosylation, retinal sections were double labeled with the cis-Golgi marker GM130 (Figure 1F; Supplementary Figure). Throughout development, Gper immunoreactivity had a speckled appearance within the ganglion cell layer (GCL) somas. Abundant staining was seen in both the cytoplasm and nucleus, with the highest intensity localized in the perinuclear region. Colocalization with GM130 confirmed that Gper perinuclear staining was in the Golgi apparatus.

Gper immunoreactivity was also seen in a population of cells in the inner portion of the neuroblast (NBL) and inner nuclear (INL) layers. A small number of somas in the position of horizontal cells displayed Gper immunoreactivity from P2 to P8 (Figure 1F, arrowheads). Overall, staining appeared diminished around P8, coinciding with a decrease in the 63 kDa Gper. By P11, Gper became distinctly discernible in individual processes, particularly those extending through the thickness of the inner plexiform layer (IPL), with the characteristic appearance of Müller glial cells. Staining in the Golgi and cytoplasm, but not the nucleus, became more prominent again at P14 and by P21, retinal ganglion cell (RGC) somas and axons were intensely labeled (Figure 1F, inset). Small, punctate Gper staining was seen in the outer nuclear layer (ONL) beginning at P14.





4 Discussion

Gper orchestrates rapid and transient responses through protein kinase A (PKA) signaling as well as transactivation of the epidermal growth factor receptor (EGFR) and Notch signaling pathways (15), in contrast to classical ERs that bind directly to promoters of target genes (11). It regulates the effects of E2 on classical ERs (9, 12–14) and is important for other cellular processes such as cell proliferation, migration, and ion channel regulation (30–34).

Our investigation reveals Gper expression throughout postnatal development in the mouse retina, peaking at P14. Notably, Gper immunoreactivity is evident in retinal ganglion cells (RGCs) from P0 to maturity, aligning with findings that gper is expressed in sensory regions of the fish CNS, including the retina (16, 21) and that gper expression is necessary for normal development of RGCs in zebrafish (8, 21). The continued expression of Gper in mature RGCs is noteworthy in light of the growing body of evidence indicating that estrogen plays a role in preserving RGC health and protecting against glaucoma (35). Gper is expressed in RGCs of adult mouse primary retinal cultures where it has neuroprotective effects against excitotoxicity and hypoxia (5, 36, 37). Estrogen, acting through the ERK pathway, has been shown to have a neuroprotective effect on axotomized RGCs, although it is unclear whether Gper or classical ERs are involved (38).

We observed a discrepancy between the qRT-PCR results, which indicated an increase in Gper mRNA expression throughout development (Figure 1A), and the Western blot results, which indicated a decline in Gper protein expression (Figures 1D, E). Divergence between mRNA and protein levels have been widely reported in the literature (39). Several biological or technical factors may contribute to this phenomenon, such as a decrease in the rate of translation, an increase in protein turnover due to changes in posttranslational modification, or the choice of housekeeping genes. Alternatively, post-translational modifications combined with the denaturation of protein required for electrophoresis may alter the protein’s conformation in a manner that masks it from antibody detection. This issue could be exacerbated for Gper due to glycosylation, which appears to increase during retinal development (Figure 1C). Using different tissues, antibodies, and experimental conditions, others have reported glycosylated Gper at molecular weights that we did not observe (27, 28), raising the possibility that a substantial amount of glycosylated protein remains present but undetected. This technical explanation most closely aligns with our immunohistochemical observations that exhibit robust Gper staining at later developmental timepoints, when Gper detection on Western blots was greatly diminished.

We observed transient Gper immunoreactivity in the inner portion of the INL in presumptive progenitor cells during a period of cell cycle exit, differentiation, and neurite outgrowth (40, 41). Studies in other tissues support a role for Gper in mediating these processes. During CNS development, estrogen receptors, including Gper, play a crucial role in regulating proliferation, differentiation, and neurite outgrowth in progenitor cells through modulation of genes that regulate cell cycle progression and cell fate determination (18, 34, 42). It contributes to proliferation and migration of cells in bone marrow mesenchymal stem cells and in a variety of cancers (43, 44). Gper regulates cyclin genes, which are important for both cell proliferation and differentiation (43), and acts via the PI3K/Akt pathway to modulate cadherins and other transcription factors that are necessary for cell migration and proper neurite outgrowth (45, 46).

Gper and estrogen signaling are known to regulate expression of the transcription factor Otx2 in the CNS (21, 47). Otx2 is essential for eye development and photoreceptor cell fate determination (48). Single-cell RNA-sequencing has identified early expression of Gper in the mouse retina, but expression levels are too low for accurate analysis (49). Since Otx2 is activated embryonically in the mouse retina, future studies should investigate whether Gper is transiently expressed in precursor cells prior to Otx2 expression. Punctate Gper immunostaining was observed in ONL beginning at P14, a time in which photoreceptors are extending their outer segments and Müller glial cells are extending processes through the ONL. Identification of the cell types labeled by Gper will require further studies with cell-specific markers.

Subcellular localization of Gper has been reported by some investigators on the cell membrane (50), as is the case for other GPCRs, but also intracellularly in the ER, Golgi, and nucleus by others (9, 51). Differences may be due to variations in cell type, experimental conditions, and metabolic status. These factors and others can alter protein glycosylation, which plays an important role in protein trafficking, cellular localization, and stabilization of proteins and protein complexes, as well as modulating neuronal activity in the CNS (52). Changes in glycosylation of Gper during postnatal retinal development is likely indicative of changes in subcellular localization and function. In our Western blot experiments, the 250 kDa glycosylated Gper band was too faint relative to the GAPDH loading control for statistical analysis. Pretreating samples with an endoglycosidase to remove glycans would provide a means to investigate this question in future experiments (28, 53).

Colocalization studies reveal Gper association with the Golgi marker GM130 and punctate cytoplasmic immunostaining indicative of ER and/or vesicular localization. Notably, the nuclear localization of Gper, with a speckled appearance, diminished over time corresponding with a decrease in non-glycosylated Gper. Gper has a nuclear localization sequence, and recent reports show Gper can be transported into the nucleus if it is not glycosylated at N-44 (14, 54). In these studies, cell migration was dependent on nuclear Gper (54). These observations align with the hypothesis that non-glycosylated nuclear Gper may coordinate cell migration of progenitor cells. We did not observe any clear indication of cell membrane localization, however, we cannot eliminate the possibility that some Gper was present on the cell surface.

In conclusion, our study illuminates the spatial and temporal expression patterns of Gper in the postnatal developing mouse retina and provides a vital foundation for further investigations. Future research should aim to elucidate the role of Gper in retinal cell proliferation, specification, and/or neurite outgrowth and to determine its mechanism of action during retinal development. An important aspect of these studies will be investigation of Gper during embryonic development when proliferation and specification of many retinal cell types occur. Additionally, exploring Gper’s function in mature RGCs holds significant promise in elucidating the role of estrogen signaling in retinal health and disease. The convergence of these insights promises to extend our understanding of retinal development and function with the potential to provide insights into novel approaches to mediation of glaucoma and other retinal diseases.
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E7 Gastrulation
Pax2 and Rax expression in the precursor fields of forebrain, ventral hypothalamus and eye.
(118, 146, 147)

E8 Cephalic flexure
Optic vesicle evagination
(118, 146, 147)

E9 Neural tube closure
Telencephalic and diencephalic vesicles get delineated.
Optic vesicle and stalk are fully formed.
Vax2 expression in ventral optic vesicle
Rax expression in optic vesicle, optic stalk and ventral diencephalon.
CD44/SSEA neurons are born
91, 118, 147-150)

E10 Optic vesicle invagination starts
Opic fissure formation
The retinal pigment epithelium is a 1-2 cell thick layer. Melanin is produced in the dorsal margin of the optic cup.
The optic stalk starts thinning and elongating
Rax is expressed in the entire retina.
(91, 111, 113, 147-149)

El1 Opposite optic fissure margins come in contact
Pax2 expression in the optic fissure region.
Retinal precursor cells become postmitotic and translocate towards the vitreal side of the neural retina epithelium.
First RGCs express Brn3b in the dorso-central retina, close to the optic fissure and extend the first axons which exit the eye.
Shh expression in the optic chiasm precursor region junction splits in two. Pax2 expression extends in the gap so that it is continuous across the midline.
(91, 118, 132, 141, 151-155)

E12 Optic fissure closure starts near the lens.
The pigmentation of the outer retinal layer has progressed to the entire optic cup circumference. The optic nerve head starts to form.
Shh is expressed in the RGC layer central retina, extending close to the edge of RGC differentiation. RGC Brn3a and Brn3c expression is initiated.
Robo2 and slitl are expressed in the dorso-central retina.

Pioneering RGC axons reach the optic chiasm. There is no tight fasciculation.
(23, 91, 118, 132, 148, 152, 154, 156-159)

EI3  Optic fissure margins are fusing,
Pigment is eliminated from the optic stalk.
RGC axons are grouped in fascicles in the retina.
Shh and Glil expression domain has extended to the periphery.
RGC axons cross the midline.
(24, 91, 113, 119, 120, 132, 149, 160)

El4 The neural retina is made up of two layers.
RGC birth rate is at peak. The other neuronal cell types are beginning to be generated.
Pax2 is confined to optic disc and optic stalk.
EphB2, robol, robo2, and slit2 are evenly expressed in the RGC layer. Slitl expression has a ventral-high/dorsal-low gradient.
Numerous RGC axons, coming from cells located in the central and midperipheral retina, have entered the optic tract. First RGC axons enter the superior
colliculus
Ipsilateral RGC axons reach the chiasm.
(113, 124, 140, 141, 154, 157, 159-163)

El5 EphB2 gradient in outer retina.
Growth cones are less numerous in the optic nerve compared to previous ages, indicating that the majority of the RGC axons have already passed this region at
this time.
Most RGC axons enter the superior colliculus.
(23, 132, 161)

El6 Hyaloid vessels are ensheeted in a laminin cell cap in the optic nerve
Astrocyte precursors appear in the optic stalk.
The distribution of ipsilaterally projecting RGCs in the retina is delineated.
EphB2 gradient in outer and inner retina.
No growth cones in the optic nerve.
Optic tract reaches its targets. Crossed accessory optic tract is formed.
Ipsilateral fibers are seen in the geniculate bodies region, but not at the superior colliculus.
(91, 124, 132, 140, 161, 164)

E17 Ipsilateral RGC differentiation is finished. The number of RGC axons in the optic nerve is maximal and begins to decrease.
Robol and slit 2 are restricted to the inner retina. Slit 1 is absent.
(141, 159)

E18 Medial terminal nucleus, dorsal and ventral lateral geniculate nuclei are innervated by RGC axons.
(140)

Pl Dorsal and ventral RGC axons are separated on the optic tract, while nasal and temporal axons are intermingled.

(144, 165-167)

P3 RGCs are growing dendrites.
RGC axons form synapses in the target nuclei.
(122, 168)

P4 Inner plexiform layer lamination is forming.
Superior colliculus projections are complete.
Lateral geniculate nucleus projections are sparse.

(169, 170)
P5 The optic nerve contains oligodendrocytes and immature astrocytes (164).
P7 RGC dendritic arbors maturation is nearly complete

(168, 171, 172)

P11 Inner plexiform layer lamination is defined.
(169)

P14 Superior colliculus and lateral geniculate axonal arbors are mature.
(170)

‘The table summarizes experimental findings in wild type mice from multiple studies exploring the developmental stages of retinal ganglion cell (RGC) axons, grouped according to the gestational
or postnatal age, which is indicated by the embryonic/postnatal day of life.
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Giudice Sajgo, Brooks Gao, 2014 Mu, 2005 Atoh7 Zivraj, 2010 Allen Brain Eurexpress
2019 17 E15 2019 E13.5 Atoh7 dependent () E16 cultured Institute Mouse ISH
E15.5 RGCs Retina dependent RGC growth Mouse ISH Data Atlas
((182) (168) (183) (183)) cones Data Atlas
(137)
A young RGCs
44 RGCs x ell5<el35<el55 | el45 RGCs
young
Cdc42 RGCs X weak el4.5 RGCs
RGCs
Celsr3 b 4 el2 ell.5<el3.5>el5.5 el4.5 RGCs
x RGCs
ChlL oldRGCs  x eld ell.5<e13.5<el5.5
Catn2 old&young X RGCs
RGCs x el2&eld x el3.5<el4.5>e16.55¢18.5 ell.5<el35<el55 | el45 RGCs
B old&young RGCs
RGCs x el2&el4 x ell.5<el35>e155 | eld.5 RGCs
young
Ealt | p6cs x el2&eld | x e13.55¢14.55¢1655¢18.5
young
Evl RGCs x RGCs el3.5>el5.5
X RGCs ell.5
Gap43  old&young (central)<e13.5
RGCs x eld x el3.5>el4.5>€16.5>¢18.5 (central)<e15.5(all) = el4.5 RGCs
Igfl old RGCs b3 RGCs el5.5 el4.5 RGCs
Igfbpll young
RGCs x el2&eld x el3.5<el4.5>e16.5>18.5 el1.5 weak el4.5 RGCs
old&young
Islr2 RGCs x eld x el4.5 RGCs
Kif1b oldRGCs  x el4.5 RGCs
Kit st
RGCs ell.5<el35 el4.5 RGCs
Kitl RGCs el4.5 RGCs
oldRGCs | x ell.5<el35>el55 | enriched
Mmp24 X el2&el4 x el4.5 RGCs
young
Nfse | pacs x el28eld RGCs el35>e155 | el45 RGCs
young
Nrcam | RGCs x eld RGCs el3.5<el55
young
Nl RGCs x el2&el4 x RGCs el3.5<el55
young
Nipl RGCs x eld x RGCs el3.5>el55 | el4.5 RGCs
young X
Stmn2 - pGes el2&el4 el1355e14.55¢16.55€18.5 €145 RGCs
young
Sytl3 RGCs x el2&eld x el3.5<el455e16.55¢18.5 el4.5 RGCs
old&young RGCs ventral
Tenm3 - pacs x ell5>e1355¢15.5
Trim67 b ¢ el2&el4 X 54
RGCs
Tubb3 x el2&eld x el3.5>el4.5>€16.5>¢18.5 ell.5<el35>el55 | eld.5 RGCs

“x” denotes that the gene was found to be expressed over the threshold by the study referred to in the column. In studies including specimens of multiple embryonic ages, the ages where gene
expression was found are indicated by the day of embryonic life. The expression level differences among embryonic ages are indicated by “>*/<* signs. The last two columns represent in situ
hybridization (ISH) studies and they include the embryonic age and the cells where gene expression was found.





OPS/images/fopht.2023.1175568/crossmark.jpg
©

2

i

|





OPS/images/fopht.2023.1175568/fopht-03-1175568-g001.jpg
Pou4f1_1 Pou4f1_2 19G1_1 1gG1_2
N - B -u 7 - [ Promoter (<=1kb) (62.71%) [l Other Exon (1.45%)
» . E " B Promonee (1-200) (1.86%) [ 15t Intron (4.8%)
v [ Promoter (2:30) (1.23%) [ Other Intron (9%)
B SUTR(0.09%) [ Oownstream (<=300) (0.04%)
@ ¥UTR(083%) I Oistal Intecgenic (17.99%)
o
5
Y » f
i
= = & = 5 = = 5 s . Rank Motir P-value | % of Targets %ol Badkgound [ % of STD(Bg STD)| Best Match
9.38% 049% | 53.20p (73.50p) | POUAF1MAO70.1(0.833)
" | tose | sasx | setop(e0.5p) |NFv(chanrmnwmomcr(a.uz)
» »
1Y
25.00% 18.01% | 55.7bp (57.50p) |sn§(zmmss—5ps Flag-ChIP-seq/Homer(0.846)
» N |
» .
. " 1" Other
" [ Promoter (<=1ib) (14.98%) I Exon (2.53%)
i ® f i B Promote (1:205) (365%) [ Tstintron (124%)
» |
H : i : Y s : [ Promoter (2-330) (2.76%) [ Other Intron (24.54%)
" 3 o B 5UTR(0.08%) [ Oownstream (<=300) (0.08%)
s
. @ 3UTR(1.23%) W Ostal inteegenic (37.75%)
» 18
£ | »
L 1]
5 5 - Rank| ‘Motif P-value [ % of Targets [% of Badkground [ % of STD(Bg STD)| Best Match
| p f éTgéAIﬁAII%A tetort| azten | 179% | 4d4vp @t.oom) |m.1.1..p<nomm.,...«nm,
] 0 1 2 mﬁg 1e-7104| 15.90% 4.44% | 54.3bp (71.8bp) |Ii||lPM|0I10v|ljnpl((0.“0)
Y i ™ W 13 W w % w W = -
[ A— O — [ —
s [CTGACAGCIG [ | s | o | smmnn pcommenms
Neuronal System|
Transmission across|
Chemical Synapses
Axon guidance
Nervous system
development
Cardiac conduction
Potassium Channels [t
release cycle o
and calcium channel opening
Dopamine Neurotransmitter |
Release Cycle
‘Serotonin Neurotransmitter |
Release Cycle
005 010






OPS/images/fopht.2023.1180142/table1.jpg
Mutant mice  Neural  Optic Optic RGCs  Axons  Allaxons All axons Optic Stalk | Allaxons exited the  Other changes

retina  fissure fissure born  emerged targeted  remained in the developed eye through the
developed closed oD ONFL normally oD
Bmpt RaxCre; Bmp4 Absent | Not Not applicable | Not Not Not Not applicable Not applicable Not applicable No lens induction
KO (116) (RPE applicable applicable | applicable | applicable
instead)
SoxC Atoh7Cre; Soxd Present  Identified Fused margins | Nearly  Not Not Not applicable No opi stak ON aplasia -
<KOj Soxl1 KO complete | applicable | applicable defcts identified
117) loss
Bmp7 Bmp7-/- (93) Present  Absent Notapplicable | Present  Intraretinal | ODabsent | Axons gather citheron  absent OD ON aplasia Microphthalmia, absence
(stopped at axons the vitreal surface or i of hyaloid artery
optic vesicle identified the subretinal space
stage)

FGF Six3Cres Present  Identified Coloboma Present | Intraretindl | No Axons were misrouted  Reduced in size, Thin or absent optic “Tear-drop'- iris
FgfrlcKOFgfr2cKO (Mitf was axons misguided  in the sub-retinal space ectopic nerve resembling uveal
(62) induced, Pax2 identified  axons pigmentation coloboma

downregulated)

Pax2 Pax2-/- Present  Identified Coloboma Present | Intraretinal | No All axons within ONFL  Extension of RPE | No misrouted axons Chiasm agenesis, neural
(s axons misguided into OS, all gial entified tube closure defects at
identified | axons cels of OS absent hindbrain level
shh ThylCre; Shh Present  Identified Fused margins | Present  Intraretinal | Misguided  Axons enter the sub-  Optic nerves were | Of the axons that arrived  Microcephaly,
“/eKO axons axons retinal spaces in several  thin, hypocellular | at the disc, some did not  hypoplastic craniofacial
(68) identified  identified  regions of the retina and surrounded by | 10 exit and coiled in the | structures, micropthalmia
and at the optic disc pigmented cells sub-retinal space and filure of eyelid
closure
Netrin Netrin-1-/~ Present  Identified Present Intraretinal  No Ectopic penetration No optic stak ON hypoplasia; onceat ~ —
(©8) contact, but axons misguided | through the full defects identified the disc, many axons
not fused identified | axons thickness of the splayed out
completely peripheral retina
Vaxl Vaxl-/- Present Identified Coloboma Present Intraretinal No All axons within ONFL Aberrant RPE in Axons restricted to a Axons stall at the base of
(119 axons misguided 0s Segment of OS away the hypothalamus,
identified | avons from glial precursors chiasm agenesis
Vax2 Vaxl/ Vaxd-/~ | Present  Absent Not applicable | Present  Intraretinal | Not Axons run in two 08 replaced by Not applicable RPE differentiation is
iy (double axons applicable | parallel streams on the | retinal tissue limited, axons do not
volume) identified inner surface of extending to brain cross the midline, cleft
duplicated RGC layer midline palate

“The table compares the effects of different gene knock-out manipulations in mice on the key developmental events involved in retina morphogenesis and early retinal ganglion cells (RGCs) axon guidance. cKO, conditional knock-out; RPE, retinal pigment epithelium; OD,
optic disc; ONFL, optic nerve fiber layer; O, optic stalk; ON, optic nerve.
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Goat Mouse 1gG Alexa Fluor 488 1:100 A-11001 Invitrogen Antibodies, USA
Goat Mouse 1gG STAR488 1:100-1000 ST488-1001-500UG Abberior, Germany
Goat Mouse 1gG Chromeo 488 1:1000 15031 Active Motif, USA
Goat Mouse 1gG ATTO532 1:100 610-153-121 Rockland, USA
Goat Mouse IgM (heavy Alexa Fluor 633 1:100-400 A-21046 Invitrogen Antibodies, USA
chain)
Goat Mouse 1gG STAR635P 1:100 ST635P-100-1- Abberior, Germany
500UG
Goat Mouse 1gG ATTO647N 1:100 50185 Sigma Aldrich, USA
Goat Rabbit 1gG Alexa Fluor 488 1:750 A-11008 Invitrogen Antibodies, USA
Goat Rabbit 1gG ATTO488 1:100 18772-1ML-F Sigma-Aldrich, USA
Goat Rabbit 1gG ATTO633 1:100 41176-1ML-F Sigma-Aldrich, USA
Goat Guinea pig 1gG STAR488 1:100 ST488-1006-500UG Abberior, Germany
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UK
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Neurofilament H (SMI32)  Mouse Monoclonal | IgGl 1:100 801701 BioLegend, USA ‘

Calbindin Guinea pig Polyclonal IgG 1:500 214 005 Synaptic Systems, Germany ‘

GABA p2 receptor Rabbit Polyclonal 1gG 1:500 AGA-007 Alomone Labs, Israel ‘





OPS/images/fopht.2023.1126338/im4.jpg
Lignal





OPS/images/fopht.2023.1126338/im5.jpg
e ceground





OPS/images/fopht.2023.1126338/im6.jpg





OPS/images/fopht.2023.1134765/fopht-03-1134765-g004.jpg
Variance (pAZ)

Imean (pA)

AT b R T 1.7 pa

Sﬁs





OPS/images/fopht.2023.1134765/fopht-03-1134765-g005.jpg
I GABA x
100 = 100
< X
& 15pa| g *°
< 50 P § 0
2 100 ms
L a ,\/X ,\/x
0 — Control Q,é S AS
Zn>* (10 uM) SRR
0 200 400 600 800 _ Zn2+ (100 M) QS \QQ
Time (s)
D E F
=0 n.s.
100 GABA :(9,- 0
~ 100 nM Zolpidem <
< - o
= o e _oO 30
50 o o B
% o 00070 0® Te0 10pA| - n.s.
250 ms g T
= 150
0 200 400 600 — Control E
Time (s) — Zolpidem (100 nM) (\éo\ Q$@
¢ O
/\/O
G H |
1004 1 uM Zolpidem -J. GABA = 60
< < 30
— 50 10 pA 29
E; 300 ms
-
0 - 400
0 200 400 600 | — §°|nt-:,°| E 200
s — Zolpidem 2
Time (s) (M) L g0
2 100 ms
1 uM THIP
K 5 pA|
10 uM THIP

300 ms

T A iane





OPS/images/fopht.2023.1134765/crossmark.jpg
©

2

i

|





OPS/images/fopht.2023.1134765/fopht-03-1134765-g001.jpg
GCL

D Control + CNQX, CPP, strychnine Washout

A

30 pA

5s A

Control + CNQX, CPP, strychnine Washout

W

30 pA

50 ms





OPS/images/fopht.2023.1134765/fopht-03-1134765-g002.jpg
High K

no blockers 50 pA

High K
CNQX + strychnine

no blockers
in bath 5s

High K
CNQX + strychnine

WW»WMW/WWMM

CNQX + strychnine
in bath 50 pA’

5s

b High K
CNQX + strychnine

CNQX + strychnine
in bath

30 pA






OPS/images/fopht.2023.1134765/fopht-03-1134765-g003.jpg
& ® | GaBA ¢
_A |GABA SR95531

N
o

< %o
£ o 000°
: < 20 o
<C
L 0e®e00
=— Control 500 ms 0
= — SR95531 0 250 200
Time (s)
GABA
N 1
7] P
T
]
10 pA
250 ms 20 pA
50 ms

F GABA






OPS/images/fopht.2023.1151024/fopht-03-1151024-g005.jpg
> B
| .

TS5 >3
E3c3
romu
pC.rl..O
cc ao
20 £ &
bnmnn
oo 88
o0 O O
OO O O
ZZ 00






OPS/images/fopht.2023.1129463/crossmark.jpg
©

2

i

|





OPS/images/fopht.2023.1129463/fopht-03-1129463-g001.jpg
(um)

Distance of SAC peers to reference SAC soma (um)
Dendritic reach

o
AN o

Am-cqzv Ausuap
19ad OVS
O






OPS/images/fopht.2023.1129463/fopht-03-1129463-g002.jpg





OPS/images/fopht.2023.1126338/fopht-03-1126338-g001.jpg
S ©
£
©
Od0 00D “"H‘ §
)W~ >
Oz " 7‘ QF ©
e o 130 um objective
7?%5 working distance
\ L \ o
4 £
[
100x (NA 1.4) - . E
objective DRI =
C
depletion laser
dichroic } ‘-
mirrors ’ + — o
' excitation improved point
laser spread function
—>
pinhole '
D
S1
excitation

prism scan head depletion






OPS/images/fopht.2023.1134765/M4.jpg
—Epy)





OPS/images/fopht.2023.1134765/M5.jpg
Popen = I/IN

(5)





OPS/images/fopht.2023.1134765/table1.jpg
Observable Mean + SD

(range)
n = number of patches

Peak amplitude (pA), 2 ms pulse 47.3 +19.7 pA
(19.9 - 81.1)
n=11
20-80% rise time (us), 2 ms pulse 913 212
(635 - 1297)
n=11
10-90% rise time (us), 2 ms pulse 1465 + 377
(975 - 1962)
n=11
Deactivation T, (ms), 2 ms pulse 9.8 £4.0
(43 -175)
rel. contribution (%) 41 +13%
n=11
Deactivation T, (ms), 2 ms pulse 96.1 +38.5
(638 - 173.8)
rel. contribution (%) 35+ 10%
n=11
Deactivation T; (ms), 2 ms pulse 523 £ 116
(378 - 779)
rel. contribution (%) 25 9%
n=11
Deactivation T, (ms), 2 ms pulse 163 + 39
(103- 229)
n=11
Desensitization Ty (ms), 1 s pulse 525+ 16.6
(37.1 - 83.6)
rel. contribution (%) 45 + 14%
=7
Desensitization Ty, (ms), 1 s pulse 557 + 157
(306 - 799)
rel. contribution (%) 55 + 14%
n=7
Desensitization T, (ms), 1 s pulse (208 - 536)
n=7
Deactivation T (ms), following desensitization after 1 s pulse 537 + 159
(329 - 798)
n=7
Py, max from non-stationary noise analysis 0.56 + 0.06
(047 - 0.63)
n=7
Single-channel conductance (y) from non-stationary noise analysis (pS) 232+28
(204 - 27.1)
n=7
Mean number of available channels from non-stationary noise analysis 68.2 29
(265 - 109.9)
n=7

Electrophysiological data were obtained with voltage-clamp recordings from nucleated patches from All amacrine cells in retinal slices. GABA (3 mM) was applied with a fast perfusion system
(See Materials and methods).
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