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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.






Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://museum.eyewire.org.





Ethics statement

Ethical review and approval was not required for the animal study because existing published dataset.





Author contributions

Eyewirers reconstructed neurons with supervision from MS, CD, DJ, and DB. SM observed the initial contact pattern and oversaw the overall data curation with help from MS. WS exported Eyewire data into the Neuroglancer software that facilitated searches for unreconstructed contacts. SM, MS, CD, DJ, and DB performed the search for unreconstructed contact patches on Off SAC somas. NT created an automated reconstruction of the somas at a lower resolution and extracted soma locations and sizes with proofreading by MM. SM performed the analyses and wrote the paper with feedback from NT and HS. WS ministered the online Eyewire Museum. CJ, WS, NK revamped much of the Eyewire infrastructure enabling transition of the game website from locally hosted servers to cloud service providers. CJ improved player reconstruction tools by adding client-side real-time marching cubes meshing and previewing functionality. AS oversaw addition of player-added utilities and scripts, and other game features implemented by CJ, WS, NK, such as live reconstruction activity overviews. All authors contributed to the article and approved the submitted version.





Funding

This research was supported by the Intelligence Advanced Research Projects Activity (IARPA) via Department of Interior/Interior Business Center (DoI/IBC) contract number D16PC0005, NIH/NCI (5UH2CA203710), NIH/NIMH (RF1MH117815, RF1MH123400), NIH/NINDS (5U01NS090562, U01NS09054, 5R01NS104926). The U.S. Government is authorized to reproduce and distribute reprints for Governmental purposes notwithstanding any copyright annotation thereon. Disclaimer: The views and conclusions contained herein are those of the authors and should not be interpreted as necessarily representing the official policies or endorsements, either expressed or implied, of IARPA, DoI/IBC, or the U.S. Government. We are grateful for assistance from Google, Amazon, and Intel.




Acknowledgments

We thank Kevin Briggman for providing the raw electron microscopic dataset identified as e2198.





Conflict of interest

HS has financial interests in Zetta AI, LLC.

The remaining 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fopht.2023.1129463/full#supplementary-material

Supplementary Datasheet 1: Supplementary Figures | This file includes additional examples and close-up views of the contact sites in both EM sections and 3D views.

Supplementary Datasheet 2: Supplementary Notes | This file includes a list of individual Eyewirers who contributed to the reconstruction of the starburst cells in this report.




References

1. Famiglietti, EV Jr. Starburst’amacrine cells and cholinergic neurons: Mirror-symmetric ON and OFF amacrine cells of rabbit retina. Brain Res (1983) 261(1):138–44. doi: 10.1016/0006-8993(83)91293-3

2. Tauchi, M, and Masland, RH. The shape and arrangement of the cholinergic neurons in the rabbit retina. Proc R Soc London. Ser B Containing Papers Biol Character. R Soc (1984) 223(1230):101–19. doi: 10.1098/rspb.1984.0085

3. Masland, RH, and Mills, JW. Autoradiographic identification of acetylcholine in the rabbit retina. J Cell Biol (1979) 83(1):159–78. doi: 10.1083/jcb.83.1.159

4. Masland, RH, Mills, JW, and Hayden, SA. Acetylcholine-synthesizing amacrine cells: Identification and selective staining by using radioautography and fluorescent markers. Proc R Soc London. Ser B Containing Papers Biol Character. R Soc (1984) 223(1230):79–100. doi: 10.1098/RSPB.1984.0084

5. Wei, W, and . Feller, MB. Organization and development of direction-selective circuits in the retina. Trends Neurosci (2011) 34(12):638–455. doi: 10.1016/j.tins.2011.08.002

6. Ray, TA, Roy, S, Kozlowski, C, Wang, J, Cafaro, J, Hulbert, SW, et al. Formation of retinal direction-selective circuitry initiated by starburst amacrine cell homotypic contact. eLife (2018) 7. doi: 10.7554/eLife.34241

7. Famiglietti, EV. Synaptic organization of starburst amacrine cells in rabbit retina: Analysis of serial thin sections by electron microscopy and graphic reconstruction. J Comp Neurol (1991) 309(1):40–70. doi: 10.1002/cne.903090105

8. Sanes, JR, and Richard, HM. The types of retinal ganglion cells: Current status and implications for neuronal classification. Annu Rev Neurosci (2015) 38:221–46. doi: 10.1146/annurev-neuro-071714-034120

9. Grünert, U, and Martin., PR. Cell types and cell circuits in human and non-human primate retina. Prog Retinal Eye Res (2020), 100844. doi: 10.1016/j.preteyeres.2020.100844

10. Briggman, KL, Helmstaedter, M, and Denk, W. Wiring specificity in the direction-selectivity circuit of the retina. Nature (2011) 471:183–88. doi: 10.1038/nature09818

11. Kim, JS, Greene, MJ, Zlateski, A, Lee, K, Richardson, M, Turaga, SC, et al. Space–time wiring specificity supports direction selectivity in the retina. Nature (2014) 509(7500):331–36. doi: 10.1038/nature13240

12. Greene, MJ, Kim, JS, Seung, HS, and EyeWirersAnalogous convergence of sustained and transient inputs in parallel on and off pathways for retinal motion computation. Cell Rep (2016) 14(8):1892–19005. doi: 10.1016/j.celrep.2016.02.001

13. Bae, JA, Mu, S, Jinseop, SK, Nicholas, LT, Ignacio, T, Kemnitz, N, et al. Digital museum of retinal ganglion cells with dense anatomy and physiology. Cell (2018) 173(5):1293–1306.e19. doi: 10.1016/j.cell.2018.04.040

14. Millar, TJ, and Morgan, IG. Cholinergic amacrine cells in the rabbit retina synapse onto other cholinergic amacrine cells. Neurosci Lett (1987) 74(3):281–85. doi: 10.1016/0304-3940(87)90310-7

15. Mauss, AS, Vlasits, A, Borst, A, and Feller, M. Visual circuits for direction selectivity. Annu Rev Neurosci (2017) 40:211–30. doi: 10.1146/annurev-neuro-072116-031335

16. Matsumoto, A, Agbariah, W, Nolte, SS, Andrawos, R, Levi, H, Sabbah, S, et al. Synapse-specific direction selectivity in retinal bipolar cell axon terminals. bioRxiv (2020) https. doi: 10.1101/2020.10.12.335810

17. Lee, S, and Zhou, ZJ. The synaptic mechanism of direction selectivity in distal processes of starburst amacrine cells. Neuron (2006) 51(6):787–995. doi: 10.1016/j.neuron.2006.08.007

18. Morrie, RD, and Marla, BF. A dense starburst plexus is critical for generating direction selectivity. Curr Biology: CB (2018) 28(8):1204–125. doi: 10.1016/j.cub.2018.03.001

19. Whitney, IE, Keeley, PW, Raven, MA, and E. Reese, B. Spatial patterning of cholinergic amacrine cells in the mouse retina. J Comp Neurol (2008) 508(1):1–125. doi: 10.1002/cne.21630

20. Rodieck, RW. The density recovery profile: A method for the analysis of points in the plane applicable to retinal studies. Visual Neurosci (1991) 6(2):95–111. doi: 10.1017/S095252380001049X

21. Vaney, DI. Chapter 2 the mosaic of amacrine cells in the mammalian retina. Prog Retinal Eye Res (1990) 9:49–100. doi: 10.1016/0278-4327(90)90004-2

22. Farajian, R, Raven, MA, Cusato, K, and Benjamin, ER. Cellular positioning and dendritic field size of cholinergic amacrine cells are impervious to early ablation of neighboring cells in the mouse retina. Visual Neurosci (2004) 21(1):13–225. doi: 10.1017/S0952523804041021

23. Kay, JN, Chu, MW, and Joshua, RS. MEGF10 and MEGF11 mediate homotypic interactions required for mosaic spacing of retinal neurons. Nature (2012) 483:465–69. doi: 10.1038/nature10877

24. Brandon, C. Cholinergic neurons in the rabbit retina: Dendritic branching and ultrastructural connectivity. Brain Res (1987) 426(1):119–30. doi: 10.1016/0006-8993(87)90431-8

25. Vaney, DI, Peichi, L, and Boycott, BB. Matching populations of amacrine cells in the inner nuclear and ganglion cell layers of the rabbit retina. J Comp Neurol (1981) 199(3):373–91. doi: 10.1002/cne.901990305

26. Clements, R, Turk, R, Campbell, KP, and Wright, KM. Dystroglycan maintains inner limiting membrane integrity to coordinate retinal development. J Neuroscience: Off J Soc Neurosci (2017) 37(35):8559–745. doi: 10.1523/JNEUROSCI.0946-17.2017

27. Euler, T, Detwiler, PB, and Winfried, D. Directionally selective calcium signals in dendrites of starburst amacrine cells. Nature (2002) 418:845–52. doi: 10.1038/nature00931

28. Poleg-Polsky, A, Ding, H, and Diamond., JS. Functional compartmentalization within starburst amacrine cell dendrites in the retina. Cell Rep (2018) 22(11):2898–29085. doi: 10.1016/j.celrep.2018.02.064

29. Keeley, PW, Whitney, IE, Raven, MA, and Benjamin, ER. Dendritic spread and functional coverage of starburst amacrine cells. J Comp Neurol (2007) 505(5):539–465. doi: 10.1002/cne.21518

30. Galli-Resta, L, Novelli, E, Volpini, M, and Strettoi, E. The spatial organization of cholinergic mosaics in the adult mouse retina. Eur J Neurosci (2000) 12(10):3819–22. doi: 10.1046/j.1460-9568.2000.00280.x

31. Wässle, H, and Riemann, HJ. The mosaic of nerve cells in the mammalian retina. Proc R Soc London. Ser B Containing Papers Biol Character. R Soc (1978) 200(1141):441–61. doi: 10.1098/rspb.1978.0026

32. Yan, R-S, Yang, X-L, Zhong, Y-M, and Zhang, D-Q. Spontaneous depolarization-induced action potentials of ON-starburst amacrine cells during cholinergic and glutamatergic retinal waves. Cells (2020) 9 (12), 2574. doi: 10.3390/cells9122574

33. Xu, H-P, Burbridge, TJ, Ye, M, Chen, M, Ge, X, Jimmy Zhou, Z, et al. Retinal wave patterns are governed by mutual excitation among starburst amacrine cells and drive the refinement and maintenance of visual circuits. J Neuroscience: Off J Soc Neurosci (2016) 36(13):3871–865. doi: 10.1523/JNEUROSCI.3549-15.2016

34. Austefjord, MW, Gerdes, H-H, and Xiang, W. Tunneling nanotubes: Diversity in morphology and structure. Communicative Integr Biol (2014) 7(1):e279345. doi: 10.4161/cib.27934

35. Mentor, S, and Fisher, D. High-resolution insights into the in vitro developing blood-brain barrier: Novel morphological features of endothelial nanotube function. Front Neuroanat (2021) 15:661065. doi: 10.3389/fnana.2021.661065

36. Abounit, Saïda, Bousset, L, Loria, F, Zhu, S, Chaumont, Fde, Pieri, L, et al. Tunneling nanotubes spread fibrillar α-synuclein by intercellular trafficking of lysosomes. EMBO J (2016) 35(19):2120–385. doi: 10.15252/embj.201593411

37. Tardivel, M, Bégard, Séverine, Bousset, L, Dujardin, S, Coens, A, Melki, R, et al. Tunneling nanotube (TNT)-mediated neuron-to neuron transfer of pathological tau protein assemblies. Acta Neuropathologica Commun (2016) 4(1):1175. doi: 10.1186/s40478-016-0386-4

38. Chen, J, and Cao, J. Astrocyte-to-Neuron transportation of enhanced green fluorescent protein in cerebral cortex requires f-actin dependent tunneling nanotubes. Sci Rep (2021) 11(1):167985. doi: 10.1038/s41598-021-96332-5

39. Petralia, R. S., Wang, Y. X., Mattson, M. P., and Yao, P. J.. Invaginating structures in mammalian synapses. Front Synaptic Neurosci (2018) 10(APR). doi: 10.3389/FNSYN.2018.00004

40. Tsukamoto, Y., and Omi, N.. Multiple invagination patterns and synaptic efficacy in primate and mouse rod synaptic terminals. Investig Ophthalmol Vis Sci (2022) 63(8):11–11. doi: 10.1167/IOVS.63.8.11

41. Hansson, HA. Ultrastructural studies on the long term effects of sodium glutamate on the rat retina. Virchows Archiv. B: Cell Pathol (1970) 6(1):1–11. doi: 10.1007/BF02899107

42. Panneels, V, Diaz, A, Imsand, C, Guizar-Sicairos, M, Müller, E, Bittermann, AG, et al. Imaging of retina cellular and subcellular structures using ptychographic hard X-ray tomography. J Cell Sci (2021) 134(19). doi: 10.1242/jcs.258561

43. Hoshi, H, Liu, W-L, Stephen, CM, and Mills., SL. ON inputs to the OFF layer: Bipolar cells that break the stratification rules of the retina. J Neuroscience: Off J Soc Neurosci (2009) 29(28):8875–835. doi: 10.1523/JNEUROSCI.0912-09.2009

44. Sosula, L, and Glow, PH. A quantitative ultrastructural study of the inner plexiform layer of the rat retina. J Comp Neurol (1970) 140(4):439–77. doi: 10.1002/cne.901400405

45. Fisher, SK. A somato-somatic synapse between amacrine and bipolar cells in the cat retina. Brain Res (1972) 43(2):587–90. doi: 10.1016/0006-8993(72)90411-8

46. Fisher, SK, and Goldman, K. Subsurface cisterns in the vertebrate retina. Cell Tissue Res (1975) 164(4):473–80. doi: 10.1007/BF00219939

47. Kolb, H, and West, RW. Synaptic connections of the interplexiform cell in the retina of the cat. J Neurocytol (1977) 6(2):155–70. doi: 10.1007/BF01261503

48. Voigt, T, and Wässle, H. Dopaminergic innervation of a II amacrine cells in mammalian retina. J Neuroscience: Off J Soc Neurosci (1987) 7(12):4115–28. doi: 10.1523/JNEUROSCI.07-12-04115.1987

49. Debertin, Gábor, Kántor, O, Kovács-Öller, Tamás, Balogh, L, Szabó-Meleg, E, Orbán, József, et al. Tyrosine hydroxylase positive perisomatic rings are formed around various amacrine cell types in the mammalian retina. J Neurochem (2015) 134(3):416–285. doi: 10.1111/jnc.13144

50. Grimes, WN, Sedlacek, M, Musgrove, M, Nath, A, Tian, H, Hoon, M, et al. Dendro-somatic synaptic inputs to ganglion cells contradict receptive field and connectivity conventions in the mammalian retina. Curr Biology: CB (2022) 32(2):315–285.e4. doi: 10.1016/j.cub.2021.11.005

51. Kolb, H, and Nelson, R. OFF-alpha and OFF-beta ganglion cells in cat retina: II. neural circuitry as revealed by electron microscopy of HRP stains. J Comp Neurol (1993) 329(1):85–110. doi: 10.1002/CNE.903290107

52. Soto, F, Bleckert, A, Lewis, R, Kang, Y, Kerschensteiner, D, Craig, AM, et al. Coordinated increase in inhibitory and excitatory synapses onto retinal ganglion cells during development. Neural Dev (2011) 6:31. doi: 10.1186/1749-8104-6-31

53. Hoon, M, Krishnamoorthy, V, Gollisch, T, Falkenburger, B, and Varoqueaux, F. Loss of Neuroligin3 specifically downregulates retinal GABAAα2 receptors without abolishing direction selectivity. PloS One (2017) 12(7):e01810115. doi: 10.1371/JOURNAL.PONE.0181011

54. Bleckert, A, Zhang, C, Maxwell, HT, David, K, David, MB, Silvia, JHP, et al. GABA release selectively regulates synapse development at distinct inputs on direction-selective retinal ganglion cells. Proc Natl Acad Sci USA (2018) 115(51):E12083–905. doi: 10.1073/pnas.1803490115

55. Bordt, AS, Perez, D, Tseng, L, Liu, WS, Neitz, J, Patterson, SS, et al. Synaptic inputs from identified bipolar and amacrine cells to a sparsely branched ganglion cell in rabbit retina. Visual Neurosci (2019) 36:E004. doi: 10.1017/S0952523819000014

56. Lauritzen, JS, Crystal, LS, James, RA, Kalloniatis, M, Noah, TN, Daniel, PE, et al. Rod-cone crossover connectome of mammalian bipolar cells. J Comp Neurol (2019) 527(1):87–116. doi: 10.1002/cne.24084

57. Fasoli, A, Dang, J, S. Johnson, J, Aaron, HG, Iseppe, AF, and Ishida, AT. Somatic and neuritic spines on tyrosine hydroxylase-immunopositive cells of rat retina. J Comp Neurol (2017) 525(7):1707–305. doi: 10.1002/cne.24166

58. Freund, TamásF, and Katona, István. Perisomatic inhibition. Neuron (2007) 56(1):33–425. doi: 10.1016/j.neuron.2007.09.012




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 Mu, Turner, Silversmith, Jordan, Kemnitz, Sorek, David, Jones, Bland, Moore, Sterling and Seung. 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.


OEBPS/Images/fopht.2023.1129463_cover.jpg
& frontiers | Frontiers in Ophthalmology

Special nuclear layer contacts between
starburst amacrine cells in the mouse retina





OEBPS/Images/logo.jpg
’ frontiers | Frontiers in Ophthalmology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Special nuclear layer contacts between starburst amacrine cells in the mouse retina

      

        		

          Introduction

        



        		

          Results

        

          		

            Ascending climbing dendrites of Off SACs

          



          		

            Direct contacts and short processes bridging On SAC somata

          



        



        



        		

          Discussion

        

          		

            Off SAC perisomatic contacts

          



          		

            On SAC short bridging processes

          



        



        



        		

          Methods

        

          		

            EM image volume

          



          		

            Neuron reconstruction

          



          		

            Density recovery profile of Off SAC somas 

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fopht-03-1129463-g002.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/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






