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Characterizing the rod pathway
in cone-dominant thirteen-lined
ground squirrels

Riley Ferguson®, Kiyoharu J. Miyagishima®,
Francisco M. Nadal-Nicolas and Wei Li

Retinal Neurophysiology Section, National Eye Institute, National Institutes of Health, Bethesda,
MD, United States

All-amacrine cells (Alls) 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 Alls 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 Alls and
functional aspects of the rod pathway in TLGS. In all TLGS retinas examined,
putative Alls were calretinin-positive and exhibited connections to rod bipolar cells
with decreased cell density and expanded arborization. Notably, Alls 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. Alls are
sparsely populated, matching the diminished rod and rod bipolar cell populations
compared to rod-dominant species. The infrequent distribution and lateral spacing
of All'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 All'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.

KEYWORDS

All-amacrine, bipolar cells, thirteen-lined ground squirrels, scotopic vision,
rod pathways

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 (Alls) have been identified as an essential component of the mammalian rod
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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. Alls 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 Alls, in addition
to signaling rod signals, play an integral role in the cone signaling
pathway. However, the morphology and function of Alls in the retina
of cone-dominant species remains unclear. Specifically, it is unclear
whether Alls 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 Alls 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 Alls 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
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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/m?): 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/um? 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/m” 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/m?
to photons/pm?

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 um? and were converted to equivalent 525 nm photons
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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/um?. The calibrated photon flux (photons per
um? per second) values were then multiplied by the stimulus
duration (0.004) to convert to photons/ pmz.

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 pm 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 MgCI2, 1.2
mM CaCl2, 3 mM Na2-succinate, 0.5 mM Na-glutamate, 0.02 mM
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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% 02/5% 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 MgClI2, 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 lim 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 AIR (Nikon
Instruments Inc., Melville, New York) confocal microscope.
Image] (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 All 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
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FIGURE 1

[llustration of the scotopic visual pathway in the TLGS retina created using BioRender.com. The image depicts the synaptic connectivity of All-
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; All, All amacrine cells; IPL, inner plexiform layer; GCL, ganglion cell layer.

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 AIls 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 Alls, 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
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shown in this frame). The axon terminals of RBC and the dendrites
of Alls 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 Alls 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.

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

One of the hallmark of AIls 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
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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 Alls 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 All dendrites at the bottom of IPL. (E) TLGS retinal cell layers stained with calretinin indicate sparse All morphology. “+" denotes
soma of other non All amacrine cells labeled with calretinin. (F) Same image as shown in (E) above but using PKA antibody to specifically label All
amacrine cells. Note “+" denotes calretinin positive amacrine somas that were not labeled by PKA. In all images * indicates rod bipolar cells. Scale

bars: 5 pm

of light adaptation (13-15). Connexin 36 (Cx36) is the molecular
constituent of AII-AII gap junctions, and Cx36 channels on Alls
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 Alls.

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
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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 um?® per 10ms, where the threshold for a single TLGS cone is
about 10000 photons per um® 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.

4 Discussion

All-amacrine cells and their role in scotopic visual pathways in
TLGS have remained largely uncharacterized despite their
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FIGURE 3

(A) Whole-mount retina showing All-amacrine processes stained with calretinin (CR, red) and RBC processes stained with protein kinase C (PKC,
green). Areas of putative All-RBC synaptic activity are annotated (white arrows). (B) Calretinin® All-amacrine processes (red) co-labeled with Cx36
(blue) a retinal gap junction subunit. Colocalization of Cx36 puncta along All amacrine processes indicate All-All synaptic activity or All-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 All (CR, red), RBC (PKC, green) and Cx36 puncta (Cx36, blue).

conserved role across mammalian species. In confocal imaging of
the All-amacrine cell in the cone-dominant retina, we noticed a
marked shift in AII cell morphology and density compared to their
rod-dominant counterparts. Alls 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 Alls 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 Alls and widely expanded dendritic field match the
small population of rods in TLGS retina, suggesting Alls 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
All-like amacrine cells associated with ancient rod bipolar cells in
the fish retina (17), suggesting Alls are likely co-evolved with RBCs
in early vertebrates before mammals.

Frontiers in Ophthalmology

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 AIIl- amacrine cells, and the
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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/m?. 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/m? to photorvs/pm2 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/um?. 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/um?. 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/um?. (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+(l3,5/
1s)". 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 (I¢) of
67.8 photons/um?. Hill coefficient n=0.98, Half-saturating light intensity |;/» - 342.9 photons/um?. For S-cone photoreceptors the closest R/
Rmax=0.18 +/-0.06 (n=4 blue cones, n=3 animals) at an I¢ of 16827.7 photons/um?. Hill coefficient n=1.05, Half-saturating light intensity I/, -
77488.2 photons/um?. For M-cone photoreceptors the closest R/Rmax=0.17 +/-0.09 (n=9 green cones, n=6 animals) at an I of 31476.01 photons/
pmz. Hill coefficient n=1.00, Half-saturating light intensity I, - 142536 photons/pmz. For in vivo scotopic ERGs the light intensities estimated at the
retina varied by ~250 photons/um? 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 | of 1375.7
photons/pm? (12). Hill coefficient n=1.65, Half-saturating light intensity Iy/> - 3831.4 photons/um?. 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 I¢ of 405.4 photons/um?. Hill coefficient n=1.65, Half-saturating light intensity |y, - 1128.7 photons/um? (20, 21).
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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 AIl 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,
AIl 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.

Data availability statement

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

Ethics statement

TLGS were housed and maintained according to their protocol
ASP#595, approved by the National Institute of Health guidelines
for Animal Care and Use Committee in research and by the Ethical
and Animal Studies Committee of the National Eye Institute.

Author contributions

RF: Data curation, Formal Analysis, Investigation, Writing —
original draft, Writing - review & editing. KM: Conceptualization,
Data curation, Formal Analysis, Investigation, Methodology,
Project administration, Resources, Software, Supervision,
Validation, Visualization, Writing - original draft, Writing -
review & editing. FN-N: Investigation, Methodology, Project
administration, Writing - review & editing. WL:
Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,

References

1. Demb JB, Singer JH. Intrinsic properties and functional circuitry of the AII
amacrine cell. Visual Neurosci (2012) 29(1):51-60. doi: 10.1017/S0952523811000368

2. Hartveit E, Veruki ML. Electrical synapses between AIIl amacrine cells in the
retina: Function and modulation. Brain Res (2012) 1487:160-72. doi: 10.1016/
j.brainres.2012.05.060

3. Mills SL, Massey SC. AII amacrine cells limit scotopic acuity in central macaque
retina: A confocal analysis of calretinin labeling. ] Comp Neurol (1999) 411(1):19-34.
doi: 10.1002/(SICI)1096-9861(19990816)411:1<19::AID-CNE3>3.0.CO;2-4

4. Li W. Ground squirrel - A cool model for a bright vision. Semin Cell Dev Biol
(2020) 106:127-34. doi: 10.1016/j.semcdb.2020.06.005

Frontiers in Ophthalmology

10.3389/fopht.2023.1271882

Resources, Software, Supervision, Validation, Visualization,
Writing - original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was supported [in part] by the Intramural Research
Program of the NTH, National Eye Institute.

Acknowledgments

This research was made possible through the NIH Medical
Research Scholars Program, a public-private partnership supported
jointly by the NIH and contributions to the Foundation for the NIH
from the American Association for Dental Research, the Colgate-
Palmolive Company, and other private donors. We thank Drs.
Sihan Li and Zuying Chai from Prof. King Wai Yau’s lab for their
tremendous assistance with the electrophysiology recordings of
TLGS photoreceptors. This paper is dedicated to Professor
Stephen C. Massey in recognition of his significant contributions
to retinal neurobiology and his exemplary mentorship.

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.

The handling editor CR declared a past co-authorship with the
author WL.

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.

5. Kandoi S, Martinez C, Merriman DK, Lamba DA. Characterization of retinal
development in 13-lined ground squirrels. Transl Vision Sci Technol (2022) 11(11):17.
doi: 10.1167/tvst.11.11.17

6. DeVries SH. Exocytosed protons feedback to suppress the ca2+ Current in
mammalian cone photoreceptors. Neuron (2001) 32(6):1107-17. doi: 10.1016/S0896-
6273(01)00535-9

7. Li W, DeVries SH. Separate blue and green cone networks in the mammalian
retina. Nat Neurosci (2004) 7(7):751-6. doi: 10.1038/nn1275

8. Li W, Chen S, DeVries SH. A fast rod photoreceptor signaling pathway in the
mammalian retina. Nat Neurosci (2010) 13(4):414-6. doi: 10.1038/nn.2507

frontiersin.org


https://doi.org/10.1017/S0952523811000368
https://doi.org/10.1016/j.brainres.2012.05.060
https://doi.org/10.1016/j.brainres.2012.05.060
https://doi.org/10.1002/(SICI)1096-9861(19990816)411:1%3C19::AID-CNE3%3E3.0.CO;2-4
https://doi.org/10.1016/j.semcdb.2020.06.005
https://doi.org/10.1167/tvst.11.11.17
https://doi.org/10.1016/S0896-6273(01)00535-9
https://doi.org/10.1016/S0896-6273(01)00535-9
https://doi.org/10.1038/nn1275
https://doi.org/10.1038/nn.2507
https://doi.org/10.3389/fopht.2023.1271882
https://www.frontiersin.org/journals/ophthalmology
https://www.frontiersin.org

Ferguson et al.

9. Jacobs GH, Fisher SK, Anderson DH, Silverman MS. Scotopic and photopic vision
in the California ground squirrel: physiological and anatomical evidence. ] Comp
Neurol (1976) 165(2):209-27. doi: 10.1002/cne.901650207

10. Jacobs GH, Tootell RBH, Fisher SK, Anderson DH. Rod photoreceptors and
scotopic vision in ground squirrels. ] Comp Neurol (1980) 189(1):113-25. doi: 10.1002/
cne.901890107

11. Jacobs GH, Neitz J, Crognale M. Spectral sensitivity of ground squirrel cones
measured with ERG flicker photometry. ] Comp Physiol A (1985) 156(4):503-9. doi:
10.1007/BF00613974

12. Yolton RL, Yolton DP, Renz J, Jacobs GH. Preretinal absorbance in sciurid eyes. J
Mammal (1974) 55(1):14-20. doi: 10.2307/1379253

13. Mills SL, O’Brien JJ, Li W, O’Brien J, Massey SC. Rod pathways in the
mammalian retina use connexin 36. ] Comp Neurol (2001) 436(3):336-50. doi:
10.1002/cne.1071

14. Bloomfield S, Volgyi B. Function and plasticity of homologous coupling between
AIl amacrine cells. Vision Res (2004) 44(28):3297-306. doi: 10.1016/
j.visres.2004.07.012

15. O’Brien J, Bloomfield SA. Plasticity of retinal gap junctions: roles in synaptic
physiology and disease. Annu Rev Vision Sci (2018) 4(1):79-100. doi: 10.1146/annurev-
vision-091517-034133

16. Ishibashi M, Keung J, Morgans CW, Aicher SA, Carroll JR, Singer JH, et al.
Analysis of rod/cone gap junctions from the reconstruction of mouse photoreceptor
terminals. eLife (2022) 11:¢73039. doi: 10.7554/eLife.73039

Frontiers in Ophthalmology

09

10.3389/fopht.2023.1271882

17. Hellevik AM, Mardoum P, Hahn J, Kélsch Y, D'Orazi FD, Suzuki SC, et al.
Ancient origin of the rod bipolar cell pathway in the vertebrate retina. bioRxiv (2023) 4.
doi: 10.1101/2023.09.12.557433

18. Zhang Z, Beier C, Weil T, Hattar S. The retinal ipRGC-preoptic circuit mediates the
acute effect of light on sleep. Nat Commun (2021) 12(1):5115. doi: 10.1038/s41467-021-25378-w

19. Giiler AD, Ecker JL, Lall GS, Haq S, Altimus CM, Liao HW, et al. Melanopsin
cells are the principal conduits for rod-cone input to non-image-forming vision.
Nature (2008) 453(7191):102-5. doi: 10.1038/nature06829

20. Chou BR, Cullen AP. Spectral transmittance of the ocular media of the thirteen-
lined ground squirrel (Spermophilus tridecemlineatus). Can J Zool (1984) 62(5):825-30.
doi: 10.1139/284-120

21. Eigner D, Wiindsch L, Liutzow-Kafka AV. Spectral sensitivity of the european
ground squirrel (Citellus citellus L.). Ophthalmic Res (1984) 16(1-2):48-53. doi:
10.1159/000265293

22. Naarendorp F, Esdaille TM, Banden SM, Andrews-Labenski J, Gross OP, Pugh EN.
Dark light, rod saturation, and the absolute and incremental sensitivity of mouse cone vision.
J Neurosci (2010) 30(37):12495-507. doi: 10.1523/J]NEUROSCI.2186-10.2010

23. Johnson EN, Westbrook T, Shayesteh R, Chen EL, Schumacher JW, Fitzpatrick
D, et al. Distribution and diversity of intrinsically photosensitive retinal ganglion cells
in tree shrew. ] Comp Neurol (2019) 527(1):328-44. doi: 10.1002/cne.24377

24. Alam NM, Altimus CM, Douglas RM, Hattar S, Prusky GT. Photoreceptor
regulation of spatial visual behavior. Invest Opthalmol Visual Sci (2015) 56(3):1842. doi:
10.1167/iovs.14-15644

frontiersin.org


https://doi.org/10.1002/cne.901650207
https://doi.org/10.1002/cne.901890107
https://doi.org/10.1002/cne.901890107
https://doi.org/10.1007/BF00613974
https://doi.org/10.2307/1379253
https://doi.org/10.1002/cne.1071
https://doi.org/10.1016/j.visres.2004.07.012
https://doi.org/10.1016/j.visres.2004.07.012
https://doi.org/10.1146/annurev-vision-091517-034133
https://doi.org/10.1146/annurev-vision-091517-034133
https://doi.org/10.7554/eLife.73039
https://doi.org/10.1101/2023.09.12.557433
https://doi.org/10.1038/s41467-021-25378-w
https://doi.org/10.1038/nature06829
https://doi.org/10.1139/z84-120
https://doi.org/10.1159/000265293
https://doi.org/10.1523/JNEUROSCI.2186-10.2010
https://doi.org/10.1002/cne.24377
https://doi.org/10.1167/iovs.14-15644
https://doi.org/10.3389/fopht.2023.1271882
https://www.frontiersin.org/journals/ophthalmology
https://www.frontiersin.org

	Characterizing the rod pathway in cone-dominant thirteen-lined ground squirrels
	1 Introduction
	2 Methods
	2.1 Animal handling, anesthesia, and analgesia
	2.2 In vivo TLGS electroretinogram recordings
	2.3 ERG light conversion from cd&middot;sec/m2 to photons/&micro;m2
	2.4 Tissue preparation
	2.5 Immunofluorescence
	2.6 Single cell recordings of rod, M-, and S-cones
	2.7 Image acquisition
	2.8 Statistical analysis

	3 Results
	3.1 Rod pathway and AII amacrine cells in the ground squirrel retina
	3.2 Similar to rod-dominant species AIIs in TLGS are connected by gap junctions
	3.3 Single cell recordings of photoreceptors and electroretinography

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




