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Abstract

The retinas of the vast majority of vertebrate species are termed “duplex,” that is, they contain both rod and
cone photoreceptor neurons in different ratios. The retina of little skate (Leucoraja erinacea) is a rarity among
vertebrates because it contains only a single photoreceptor cell type and is thus “simplex.” This unique retina
provides us with an important comparative model and an exciting opportunity to study retinal circuitry within
the context of a visual system with a single photoreceptor cell type. What is perhaps even more intriguing
is the fact that the Leucoraja retina is able use that single photoreceptor cell type to function under both sco-
topic and photopic ranges of illumination. Although some ultrastructural characteristics of skate photorecep-
tors have been examined previously, leading to a general description of them as “rods” largely based on outer
segment (OS) morphology and rhodopsin expression, a detailed study of the fine anatomy of the entire cell
and its synaptic connectivity is still lacking. To address this gap in knowledge, we performed serial block-face
electron microscopy imaging and examined the structure of skate photoreceptors and their postsynaptic part-
ners. We find that skate photoreceptors exhibit unusual ultrastructural characteristics that are either common
to rods or cones in other vertebrates (e.g., outer segment architecture, synaptic ribbon number, terminal ex-
tensions), or are somewhere in between those of a typical vertebrate rod or cone (e.g., number of invaginating
contacts, clustering of multiple ribbons over a single synaptic invagination). We suggest that some of the ultra-
structural characteristics we observe may play a role in the ability of the skate retina to function across sco-
topic and photopic ranges of illumination. Our findings have the potential to reveal as yet undescribed
principles of vertebrate retinal design.
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The vast majority of vertebrate retinas are duplex and have mixed rod-cone populations of photoreceptors.
The processing of visual information in a duplex retina is separated between rods and cones, which mediate
function under scotopic and photopic lighting conditions, respectively. However, the cartilaginous fish little
skate (Leucoraja erinacea) has a simplex retina, comprised solely of one photoreceptor cell type. Skate pho-
toreceptors are unusual because they have the ability to retain function over a full range of illumination. We
know little about the ultrastructural anatomy of the skate retina, and we hypothesize that functional plasticity
can be traced back to morphologic adaptations at the level of photoreceptors and downstream circuitry,
\thus illuminating new pathways for the processing of visual information among vertebrates. J
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Introduction

The little skate (Leucoraja erinacea) is a member of the
elasmobranchii subclass of cartilaginous fishes and has
been a consequential model system for studies of fin and
limb development (Barry and Crow, 2017; Marlétaz et al.,
2023), skeleton formation (Criswell et al., 2017), electrore-
ception (Bellono et al., 2018) and even the evolution of
walking on land (Jung et al., 2018). The skate visual sys-
tem has received a lot less attention, but appears to be no
less fascinating. For example, the neural retina of this ani-
mal goes against the trend of the vast majority of other
vertebrate retinas and appears to be comprised of only a
single photoreceptor cell type (Dowling and Ripps, 1990;
Ripps and Dowling, 1990). Earlier studies classified skate
photoreceptors as “rods” based on their outer segment
(OS) morphology (Szamier and Ripps, 1983), cloning and
phylogeny of rod opsin (J. O’Brien et al., 1997), spectral
profile of the photoreceptor chromophore (Ripps and
Brin, 1977; Sun and Ripps, 1992), and photoreceptor sen-
sitivity (Carter Cornwall et al., 1989). However, key as-
pects of the physiology of skate photoreceptors, such as
their remarkable ability to adapt to photopic light (Carter
Cornwall et al., 1989; Dowling and Ripps, 1972), as well
as their unusual structural characteristics when one looks
beyond the outer segment, as we describe in the present
study, belie the “rod” characterization and we shall refer
to them here simply as “photoreceptors.”

Retinas with a single photoreceptor cell type are rare.
Instead, a mixed rod-cone photoreceptor retina is a lot
more typical among vertebrates, where rods and cones
are found in different ratios (Baden et al., 2020), and
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where rods mediate scotopic (dim light) vision, while cones
mediate photopic (daylight) vision (Rodieck, 1998). Thus,
the little skate has provided us with a unique opportunity to
study a single photoreceptor cell type retina (Hu et al.,
2021), unencumbered by some of the artifacts of genetic
manipulation in rodents (Nikonov et al., 2005; Williams et
al., 2005). Perhaps even more surprising, however, is the
fact that the skate retina can function under both scotopic
and photopic light conditions with a monotypically pure
photoreceptor system (Carter Cornwall et al., 1989). A num-
ber of elegant classical studies by Dowling, Ripps, and
Cornwall have shown that under scotopic conditions, skate
photoreceptors can function at the theoretical threshold of
sensitivity and detect single photons (Dowling and Ripps,
1972; Green et al., 1975; Carter Cornwall et al., 1989). But,
after a relatively brief period of light-adaptation, they speed
up their kinetics, lower their sensitivity, and expand their
functional capabilities to photopic levels of illumination
(Dowling and Ripps, 1971; Carter Cornwall et al., 1989).
Furthermore, the downstream components of the skate
retinal circuitry can also adapt from scotopic to photopic
conditions (and back) and continue to transmit the visual
message (Dowling and Ripps, 1971; Qian and Ripps,
1992). How this functional plasticity in skate photorecep-
tors and the downstream circuitry happens is still not en-
tirely understood and it is surprising that we also know
very little about the ultrastructural anatomy and connec-
tivity of skate retinal neurons.

To the best of our knowledge, only three studies have
examined any aspects of the ultrastructure of neurons in
the skate retina in appreciable detail. Szamier and Ripps
(Szamier and Ripps, 1983) used conventional electron mi-
croscopy to examine the juvenile skate retina and describe
the disk shedding properties of skate photoreceptors, show-
ing that what appeared to be morphologically cone-like cells
in younger animals were in fact immature rod-like cells. In a
separate study, Malchow and colleagues (Malchow et al.,
1990) examined the ultrastructural and functional properties
of two types of skate horizontal cells and showed that they
are physiologically and anatomically distinct. Finally, Ripps
and Chappell (Ripps and Chappell, 1991) examined the ultra-
structural changes to skate photoreceptor terminals and
neurotransmitter vesicles during prolonged depolarization
and showed that synaptic terminals (STs) undergo a large
increase in the extent of plasma membrane, as would be
predicted with large exocytosis events of neurotransmitter
vesicles.

Fortunately, recent advances in 3D ultrastructural imag-
ing have provided us with an opportunity to resolve and
examine fine details of skate retina anatomy and to begin
assembling a connectome of this unique visual system. In
the present study, we used serial block-face scanning
electron microscopy (SB-3DEM), a cutting-edge method
for anatomic reconstruction, to examine the ultrastructure
of skate photoreceptors and the postsynaptic processes
invaginating into photoreceptor terminals. We show that
skate photoreceptors display structural elements that are
commonly found in other vertebrate rods, mixed with ele-
ments that are either more typical of vertebrate cones, or
likely unique to skate photoreceptors. We suggest that
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elements of skate photoreceptors’ unique architecture
may be connected to the ability of the skate visual system
to function across scotopic and photopic ranges of illumina-
tion. For example, our observation that different numbers of
ribbons can be found across different photoreceptor termi-
nals might suggest different levels of synaptic transmission
and excitation of postsynaptic partners across lighting con-
ditions. Taken together, our findings have the potential to
significantly expand our understanding of the vertebrate vis-
ual system and reveal undescribed principles of vertebrate
retinal design.

Materials and Methods

Animals

All animal procedures followed IACUC approved animal
protocols at the Marine Biological Laboratory and San
Francisco State University. Wild caught adult and in-house
bred female and male juvenile little and winter skate ani-
mals (L. erinacea and Leucoraja ocellata) were obtained
from the Marine Biological Laboratory Marine Resources
Center. They were kept in a recirculating seawater system
at 12-13°C. Circulating seawater was subjected to contin-
uous physical, biological and chemical filtration. Animals
were kept under a 12/12 h light/dark cycle and fed finely
chopped frozen squid and mysids once a day. Both spe-
cies (L. erinacea and L. ocellata) were used in this study, as
they are closely related, frequently co-habit in the wild, and
extensive studies have shown no anatomic or physiological
differences between the retinas of either species (Dowling
and Ripps, 1990; Ripps and Dowling, 1990). Animals were
monitored daily for health and signs of general distress and
all studies were performed following animal euthanasia.
Before euthanasia, animals were anesthetized with sodium
bicarbonate-buffered 0.02% tricaine methanesulfonate
(Syndel) until unresponsive, followed by fast cervical trans-
ection and pithing. This method of euthanasia is consistent
with the American Veterinary Medical Association (AVMA)
Guidelines on Euthanasia.

Tissue preparation

Retinal tissue was harvested following euthanasia from
the eyes of three adult skates (two female and one male).
Eyes were enucleated under ambient illumination; the cor-
nea and lens were removed and the vitreous drained.
Photoreceptors should be considered light-adapted under
these conditions and likely in their more extended morphol-
ogy, bringing them closer to the retinal pigment epithelium
(RPE). The retina was left attached to the choroid and carti-
laginous sclera to protect it from structural damage and aid
in subsequent sectioning. Samples derive from the hori-
zontal visual streak area of the retina situated directly
above the tapetum lucidum, a reflective strip embedded
in the choroid (Jinson et al., 2018; Lisney et al., 2012).
The tapetum was used as a reference point during dis-
sections. More specifically, samples derive from a few
square millimeters taken out of presumed area of the
central horizontal streak, immediately dorsal to the optic
nerve head. The resulting eyecups were immediately
fixed with 4% paraformaldehyde + 2.5% glutaraldehyde
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in 0.1 m cacodylate buffer (pH 7.2) for 5-7d at 4°C. Fixed
samples were shipped on ice to the 3DEM Ultrastructural
Imaging and Computation Core at the Cleveland Clinic
Lerner Research Institute (Cleveland, OH), where tissue
was subjected to postfixation with OsO,4, graded dehydra-
tion with ethanol, en bloc staining with uranyl acetate, and
infiltration and embedding in epoxy resin.

Imaging

Imaging of samples and collection of raw data were
performed at the Cleveland Clinic 3DEM Ultrastructural
Imaging and Computation Core. Large volume 3D electron
microscopy was performed on retinal pieces embedded in
epoxy resin using the serial block-face scanning electron mi-
croscopy method (SB-3DEM). A Teneo Volumescope system
(Thermo Fisher Scientific) and a Zeiss Sigma VP system (Carl
Zeiss Microscopy GmbH) equipped with a Gatan 3View in-
chamber ultramicrotome stage, were used to image the dif-
ferent samples. Samples were sectioned and imaged in the
cross-sectional orientation, which allowed for the visualization
of all retinal layers and cell types. The datasets used and ana-
lyzed in the present study are from a region of interest (ROI) in
the outer plexiform layer (OPL; P2R9 volume) and from a fulll
cross-section of the retina (HVMS volume). The region of in-
terest dataset had a width and height of 27.6 um and a depth
of 21.5 um; voxel size was 4.5 x 4.5 x 70 nm (xyz). The full
cross-section dataset had a width of 88 um, a height of
304 um and a depth of 22 um; section thickness is 0.075 um;
voxel size was 10 x 10 x 75 nm (xyz).

Data analysis and statistical procedures

Segmentation, 3D reconstructions, surface area and vol-
ume measurements were obtained with Reconstruct soft-
ware (Fiala, 2005). All other quantitative measurements were
obtained with Amira software (Thermo Fisher Scientific).
Quantitative and statistical analyses were completed with
Prism software (GraphPad Software). Two-tailed unpaired
t tests with and without Welch’s correction were used for
comparisons of photoreceptor OS and IS area, volume and
length. OS and IS diameter parameter comparisons were
done with a two-tailed Mann-Whitney test. p-values and
replicates are listed in the figure legends and main text.
Least squares Gaussian fit was used for curves shown in
histogram data describing observations of ribbon and telo-
dendrion numbers.

Results

The simplex retina of L. erinacea contains only a single
photoreceptor cell type

The elasmobranch fish L. erinacea (common name: little
skate) is a benthic species commonly found off the east
coast of the United States. A juvenile hatchling animal is
~80-100 mm long, tip to tail, with a disk diameter of 4-5
mm (Fig. 1A). A very closely related species, Leucoraja
ocellata (common name: winter skate), naturally co-habits
in the same waters as L. erinacea and is morphologically
identical. The pupil of the skate eye is covered by a struc-
ture called the operculum pupillare (Hart et al., 2006;
Jinson et al., 2018). The operculum pupillare completely
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Figure 1. The retina of the little skate is simplex and only a single photoreceptor cell type can be distinguished by gross morphol-
ogy. A, A juvenile hatchling example of the little skate (L. erinacea). The skate is a benthic fish found off the east coast of the United
States. It co-habits naturally with another species, Leucoraja ocellata (winter skate) and both have virtually identical appearance.
Their retinas are also both simplex (scale bar=1 cm). B, The iris operculum of a light-adapted skate eye can be seen covering the
majority of the cornea. C, During dark-adaptation, the iris operculum completely retracts and allows for a maximum amount of light
to enter the eye. The spiracle, a small, round opening, is immediately posterior to the eye (to the left of the eye in both B and C).
Spiracles are used for respiration and draw water into the gill chambers. The gill slits are located on the ventral side of the animal.
D, A histologic cross-section of the adult skate retina stained with Methylene Blue and Azure Il. Only rod-like outer segments are
visible in cross-section, as described previously by Dowling and Ripps (1990). The retina of the winter skate is not distinguishable
from that of the little skate in any appreciable way (scale bar =100 um). OS, outer segments; IS, inner segments; ONL, outer nuclear

layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

covers the pupil when the animal is light-adapted (Fig.
1B), and completely retracts to expose the whole pupil
when the animal is dark-adapted (Fig. 1C). Both species
have retinas that are termed “simplex” and contain only a
single photoreceptor cell type (Fig. 1D). Numerous studies
in both species have confirmed that their retinas are iden-
tical and simplex (Dowling and Ripps, 1990; Ripps and
Dowling, 1990; Anastassov et al., 2014). Furthermore,
skate photoreceptors exhibit a kind of “functional plastic-
ity,” which allows them to seamlessly adapt to both sco-
topic and photopic illumination conditions (Dowling and
Ripps, 1972; Carter Cornwall et al., 1989; Chappell et al.,
2008). This functional trait appears to be conserved, and
neurons that are downstream of photoreceptors can also
adapt from scotopic to photopic conditions (and back)
therefore continuing to transmit the visual message
(Dowling and Ripps, 1970, 1971, 1972). For the purposes
of this study, and for the reasons stated earlier, we have
not differentiated between the two species.

Serial EM imaging of the L. erinacea retina confirms
exclusive presence of a single photoreceptor cell type
We performed serial block-face 3D electron microscopy
imaging on several retinal samples from adult skates. To
our knowledge, this is the first time that this imaging ap-
proach has been applied systematically to any simplex
retina. The results presented here were obtained from 2
different datasets: a full cross-section dataset (HVMS)
and a high-resolution region of interest (ROI) dataset
(P2R9). Figure 2A,F shows representative 2D images of
each dataset. The HVMS dataset is from a full cross-sec-
tion of an adult retina and a virtual stack of the volume
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with dimensions can be seen in Figure 2B,D. The P2R9
dataset is from an ROI in the outer plexiform layer (OPL)
and a virtual stack of the volume with dimensions can be
seen in Figure 2G,/. Manual and semi-manual segmentation
in the outer retina from the HYMS dataset allowed us to ob-
tain 3D reconstructions of whole photoreceptors, including
inner and outer segments (IS and OS), synaptic terminals,
and a significant portion of invaginating postsynaptic proc-
esses (Fig. 2C1,C2). The full volume of the HVYMS dataset
(with raw data excluded) and the reconstructions of 9 full
photoreceptors, along with some of their connecting post-
synaptic processes, can be seen in Figure 2D,E1-E3. Skate
photoreceptors take up ~50% of the cross-sectional length
of the whole retina. Reconstructing nine photoreceptors
and a portion of their connected postsynaptic dendritic ar-
chitecture covered the full z-dimension of the HVMS data-
set suggesting that a depth of 22 um is sufficient for partial
reconstruction of postsynaptic architecture, but likely insuf-
ficient for the reconstruction of full postsynaptic partners,
like entire bipolar or horizontal cells, which appear to be
quite a lot larger than the HVMS dataset spans in the z-
plane. Nevertheless, we believe we have sufficient data to
differentiate between different postsynaptic processes
and assign them to putatively different postsynaptic pho-
toreceptor partners. This estimation is confirmed by the
significantly different morphology and spatial location of
photoreceptor postsynaptic processes reconstructed from
the high resolution P2R9 dataset (Fig. 2J7,J3,J4). Fine de-
tails of photoreceptor synaptic architecture, like ribbons,
synaptic vesicles and invaginating contacts, can be distin-
guished readily from the high-resolution ROl dataset P2R9,
a representative 2D image of which is shown in Figure 2F.
Segmentations from different neighboring photoreceptor
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Figure 2. Serial block-face scanning electron microscopy (SB-3DEM) imaging and segmentation of skate retinal tissue. A, Single
section from full cross-section HVMS dataset. B, A virtual block reconstruction of all sections within volume (scale bars =10 um).
C1, C2, Examples of semi-manual segmentation of structures using Reconstruct software (scale bars =10 um). D, 3D reconstruc-
tions of photoreceptors, where they fall within the EM volume, and the dimensions of the HVYMS dataset (scale bar=10 um). E1-E3,
Side and bottom-up views of 3D reconstructions of entire photoreceptors and their associated postsynaptic dendritic processes
(scale bars =10 pum). F, Single section from full cross-section P2R9 dataset; pt, photoreceptor terminal; pn, photoreceptor nucleus;
psn, postsynaptic neuron; rib, synaptic ribbon; sv, synaptic vesicles (scale bar =5 pum). G, A virtual block reconstruction of all sec-
tions within volume (scale bar =5 pm). H1, H2, Examples of semi-manual segmentation of structures within P2R9 volume using
Reconstruct software (scale bars =5 pm). I, 3D reconstructions of photoreceptor terminals and their associated postsynaptic den-
dritic processes and the dimensions of the volume; one section of the raw data are also shown. J71, 3D reconstructions of postsy-
naptic processes with photoreceptor terminals removed and photoreceptor synaptic ribbons with docked vesicles displayed (J2-
J4) Side and top-down views of all 3D reconstructions within volume (scale bars =5 pum).

terminals and the postsynaptic processes invaginating
into each terminal can be seen in Figure 2H7,H2. Note
the marked and readily distinguishable synaptic ribbons
and ribbon-docked synaptic vesicles in Figure 2H2,J2.
The full R2P9 volume allowed for a full reconstruction
of 20 photoreceptor terminals and partial reconstruction
of another nine photoreceptor terminals (Fig. 2/,J2).
Synaptic ribbon clusters could be used to readily deter-
mine the location of an individual photoreceptor terminal
(Fig. 2J7).
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The outer segments of skate photoreceptors display
separated stacked membrane morphology, which is
typical for rods of duplex retinas

The skate photoreceptor cell is long, which appears
quite similar to the anatomy of mammalian duplex retina
rods (Sterling et al., 1988; Wensel et al., 2015). Skate pho-
toreceptors are, however, not quite as slender as mam-
malian rods and have a larger OS/IS diameter, which is
more typical of the anatomy of rods in nonmammalian du-
plex retinas (Klooster and Kamermans, 2016; Witkovsky,
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Figure 3. Anatomy and ultrastructure of whole skate photoreceptors. A1-A4, Reconstructions of a single photoreceptor showing
outer and inner segment (OS, IS), tilt angle between OS and IS, connecting cilium (CC), and synaptic terminal (term) with teloden-
dria. The opening through which invaginating processes enter the photoreceptor terminal is off-set from the center and is indicated
with a dashed circle in A4 (scale bars =10 um). B1, B2, Disk membrane stacking and separation of membrane discs from cell plas-
ma membrane is readily seen in the skate photoreceptor OS, which is typical of vertebrate rods (B1 scale bars =0.5 um; B2 scale
bar=0.2 um). B3, B4, Relatively little stacking of outer segments or whole photoreceptor cells is seen, as opposed to murine or pri-
mate retinas (scale bars =1 pm). C, Quantifications and comparisons of photoreceptor OS and IS surface area (unpaired t test, two-
tailed, p <0.0001, n=38), diameter (unpaired Mann-Whitney test, two-tailed, p =0.0186, n=7), volume (unpaired t test, two-tailed,
p <0.0001, n=8), length (unpaired t test, two-tailed, p <0.0001, n=7), OS versus IS tilt angle, and CC lengths of fully recon-
structed cells. *** in surface area, volume and length measurements designates p value of less than 0.0001 (o < 0.0001). * in diame-
ter measurement designates a p value of 0.0186 (p = 0.0186). D1, D2, ONL is one to two nuclei thick, averaging ~31.3 um across

datasets. The relatively thin ONL is similar to what is found in diurnal animals (Walls, 1942; scale bars =5 pm).

2000). Photoreceptors take up ~50% of the cross-sec-
tional length of the retina and there are clearly distin-
guishable outer segments (OSs), inner segments (ISs)
and synaptic terminals (STs; Fig. 3A7-A4). Additional
photoreceptor features are described in the sections
that follow. High-resolution single image TEM data
from Szamier and Ripps (Szamier and Ripps, 1983) has
shown previously that the OS of L. erinacea photorecep-
tors have the typical ordered stacks of internal membrane
disks (in all likelihood holding the proteins that take part in
the rhodopsin light response cascade), which are physi-
cally separated from the photoreceptor plasma membrane.
Although not of the same high resolution as conventional
2D TEM, our SB-3DEM data allowed us to confirm the find-
ing of Szamier and Ripps of stacked internal disks sepa-
rated from the photoreceptor plasma membrane (Fig. 387,
B2). There is a slight offset in the vertical location of each
OS, which can be seen in Figure 383,84.
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Photoreceptor outer and inner segments vary little in
diameter from each other, inner segment is consistently
longer and larger, and ONL is one to two nuclei
thick

We performed detailed quantitative analysis of different
photoreceptor features based on the 3D reconstructions
obtained. These analyses showed that inner segments
were consistently longer than outer segments by ~40%
(mean of 83-um IS vs 50-um OS; Fig. 3C). Consistent with
this observation, surface area (mean of 1162 pm?) and
volume (mean of 1056 um?®) for IS were also significantly
larger than for OS (457 and 699 pm?®, respectively; Fig.
3C). Diameter of IS (measured as an average of diameters
at three different points along the segments) was only
moderately, although still significantly, bigger than OS
diameter (Fig. 3C). We also measured the tilt angle be-
tween the IS and OS of each reconstructed photoreceptor
and each cell showed a consistent mean tilt angle of
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15.6°. The tilt angle is a measure of the angle between a
continuous straight line drawn through the middle of a 3D
reconstruction of the inner segment (and continuing be-
yond the structure), and the intersecting straight line
drawn through the middle of a 3D reconstruction of the
outer segment. An example of this angle measurement
can be seen in Figure 3A7, and the tilt angle values col-
lected are summarized in Figure 3C. These values fall
well within the values of tilt angle measurements for
skate photoreceptors within the visual streak, obtained
recently by Mathger and colleagues (Mathger et al.,
2021), which they recorded to be between 5° and 25° for
the majority of photoreceptors within the horizontal
streak. We take this as a good confirmation for the loca-
tion our samples derive from, as the average tilt angle
from our reconstructions was ~15.6°. Tilt angle values
are also in agreement with the fact that tissue for SB-
3DEM imaging was taken from the tapetal area of the
retina, which often overlaps with the visual streak in
elasmobranchs (Hart et al., 2006). ONL thickness is only
approximately one to two nuclei thick in both our histo-
logic sections, and all of our full cross-section EM data
(Fig. 3D1). Photoreceptor nuclei are quite elongated and
appear somewhat offset from each other (Fig. 3D2). In
the context of nocturnal and diurnal species, where noc-
turnal species tend to have a thick ONL spanning multiple
layers of photoreceptor nuclei (Walls, 1942), and diurnal spe-
cies tend to have a thin ONL spanning only several, or a sin-
gle row of nuclei (Walls, 1942), the skate retina appears to
be closer to the anatomy of diurnal species, despite the
presence of only a single photoreceptor type. We measured
an average ONL thickness of ~31.3 um across several of
our full-cross section EM datasets.

Photoreceptors have multiple ribbons, which are
centered in clusters around a single terminal
invagination

We continued our investigation of skate photorecep-
tor morphology by focusing on a common feature in the
terminals of primary sensory neurons: synaptic ribbons.
These organelles serve as organizing centers that tether
synaptic vesicles at the active zones of photoreceptor
and bipolar cell terminals in the vertebrate retina (Sterling and
Matthews, 2005; LoGiudice and Matthews, 2009). Synaptic
ribbons in the vertebrate retina have been studied extensively
(Jackman et al., 2009; Wan et al., 2010; Grassmeyer and
Thoreson, 2017), and in mammals, the synaptic terminal of
rod spherules tends to contain one ribbon centered around a
single terminal invagination (Rao-Mirotznik et al., 1995, 1998;
Zimov and Yazulla, 2004). In some fishes and amphibians,
however, rods can contain more than one ribbon (Kock and
Stell, 1985; Witkovsky, 2000). Mammalian cone pedicles tend
to contain multiple ribbons and invaginations, where each
ribbon is centered over its dedicated invagination, but all
are contained in the same terminal (Haverkamp et al.,
2000; Strettoi et al., 2010). Teleost and amphibian cone
pedicles vary and can sometimes have a single large inva-
gination surrounded by multiple ribbons (Klaassen et al.,
2016). Surprisingly, skate photoreceptor terminals exhibit a
morphology that is in between that of a typical vertebrate
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rod and cone. That is, there is a single invagination with mul-
tiple ribbons centered around it (Fig. 4A7,A2). Furthermore,
the number of ribbons clustered over the invagination is not
constant and we repeatedly encountered terminals with ei-
ther one, two, three, or four ribbons (Fig. 4B7-B4). Ribbon
clusters assume a spherical arrangement over the invaginat-
ing postsynaptic processes, covering it like an umbrella (Fig.
4C1,C2). We examined 74rod terminals across the HVYMS
and P2R9 datasets (as well as a third partial ROI dataset not
shown here) and found that ribbon distribution is heavily
skewed toward terminals with two (n = 32) or three ribbons
(n=36), with one or four ribbons (n =3, for both) at the tail
end of the distribution and a relatively rare occurrence (Fig.
4D). The spatial arrangement of terminals with different
number of ribbons did not show any appreciable pattern
(Fig. 4C3,C4) and a correlation between the number of rib-
bons and the number of invaginating processes is largely
lacking.

Photoreceptor terminals have multiple telodendria
that extend to form a meshwork

The terminals of mammalian rod and cone photorecep-
tors differ from each other in a number of morphologic
features, one of them being the telodendria extending
from the cone pedicles (Behrens et al., 2016). Usually,
mammalian cone pedicles have multiple long extensions
(i.e., telodendria), which may connect them to neighboring
cones, or other postsynaptic cells within the local circuitry
(Ishibashi et al., 2022). Mammalian rod spherules tend to
lack telodendria and connect to each other, or other
cones, via gap junctions (Sterling et al., 1986; Behrens et
al., 2016). However, nonmammalian rods and cones are
more diverse, with rod and cone telodendria varying in
numbers and lengths for each photoreceptor type, based
on species (Ramon y Cajal, 1995; Asteriti et al., 2015;
Noel and Allison, 2018). All photoreceptor terminals that
we examined and reconstructed for telodendria across
our datasets (n =41), had a number of long and extending
telodendria, as can be seen from the example segmenta-
tion from the raw data in Figure 5A. 3D reconstructions of
telodendria also show that they form an intricate mesh-
work of processes between photoreceptors (Fig. 5B7,B2).
We analyzed 41 full photoreceptor terminals and the dis-
tribution of the number of telodendria per photoreceptor
terminal is shown in Figure 5D. We encountered terminals
with six or seven telodendria most often, while the length of
each process, within and between terminals, varied consid-
erably and was not clearly correlated with how many telo-
dendria per terminal were present (Fig. 6). Putative synaptic
vesicles were identified in multiple locations along the
length of different telodendria, suggesting that there are
multiple synaptic contacts that telodendria make to
neighboring processes (Fig. 5C7-C3). These proc-
esses appeared to be either other telodendria, or the
putative dendrites of postsynaptic cells.

The prevalence of synaptic vesicles along telodendria
seems unusual, as they are assumed to mostly intercon-
nect photoreceptors via gap junctions, not chemical syn-
apses (J.J. O’Brien et al., 2012). Unfortunately, we seem
to lack the resolution in our current skate retina datasets
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Ribbons per terminal

Figure 4. Skate photoreceptor terminals have multiple synaptic ribbons. A1, A single EM image from HVMS dataset of the outer skate retina
with the different areas of photoreceptors indicated; os, outer segment; elip, ellipsoid (location of mitochondrial clustering); is, inner segment;
nucl, nucleus; term, synaptic terminal (scale bar=5pm). A2, Close-up of five terminals (from left to right) from the P2R9 dataset showing
some of the typical features found in skate photoreceptor terminals, as wells as some of the postsynaptic processes that invaginate into those
terminals; sv, synaptic vesicles; term, terminal; rib, synaptic ribbon; inv, invagination (scale bar=5pum). B1, An electron microscopy (EM)
image with an example (white arrowhead) of a single ribbon terminal (top); 3D reconstruction of the same terminal with the one ribbon visible
inside it (middle); a 3D reconstruction of the single ribbon (bottom). B2, An EM image with an example (white arrowheads) of a two-ribbon ter-
minal (top); 3D reconstruction of the same terminal with the two ribbons visible inside it (middle); 3D reconstruction of both ribbons together
(note the appearance of a spherical arrangement of the ribbons over the single invagination). B3, An EM image with an example (white arrow-
heads) of a three-ribbon terminal. The red arrowhead shows the approximate location of the third ribbon, which appears in later sections (top);
3D reconstruction of the same terminal with the three ribbons visible inside it (middle); 3D reconstruction of all three ribbons together (note
again the appearance of a spherical arrangement of the ribbons over the single invagination). B4, An EM image with an example (white arrow-
heads) of a four-ribbon terminal (top); 3D reconstruction of the same terminal with the four ribbons visible inside it (middle); 3D reconstruction
of all four ribbons together (scale bars in EM images=1 pum; scale bars in terminal reconstruction images=5 pm; scale bars in ribbon
images =1 um. C1, C2, Ribbons appear in clusters and can be seen here overlaid with individual raw EM images in 2D (C7) and 3D (C2). C3,
C4, Photoreceptor ribbons assume a “spherical” arrangement, ribbons belonging to an individual photoreceptor terminal are circled and num-
bered. An example terminal belonging to the ribbons in circle 3 is shown. Note widely extending telodendria (scale bars=5 pm. D,
Photoreceptor terminals have between one and four ribbons, which is quantified here in the histogram of ribbon distributions in the data to
date. Red curve represents least squares Gaussian fit with best fit values: amplitude = 46.33, mean = 2.545, SD = 0.6367.
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Figure 5. Skate photoreceptor terminals have a hybrid terminal morphology, with multiple extending telodendria, similar to mamma-
lian cones. A, Single section from HVMS volume showing segmentation of two neighboring photoreceptor terminals and their ex-
tending telodendria in cyan and green (white arrowheads; scale bar=5 pm); nucl, nucleus. B1, B2, Top and bottom view of partial
photoreceptors with reconstructed terminals and the extending telodendria of each. Several of the terminals and their telodendria
have been made transparent and not all terminals are shown for clarity (scale bar=>5 pm). C1, A transparent 3D reconstruction of a
single terminal with ribbons and ribbon-docked vesicles visible, some the endings of telodendria containing free synaptic vesicles
are indicated by white arrowheads. C2, All free vesicles within the same terminal. C3, Vesicles are often observed at the ends of te-
lodendria (white arrowheads), suggesting synapses onto other photoreceptors or second-order cells (scale bar =1 pum); SV, synaptic
vesicle. D, Distribution of telodendria numbers from all reconstructed terminals across both datasets. Red curve represents least

squares Gaussian fit with best fit values: amplitude =9.949, mean =6.120, SD=1.561.

to be able to confidently identify gap junctions between
individual photoreceptor terminals, or between the telo-
dendria of different photoreceptors.

Telodendria of different photoreceptors often run
parallel to each other and come close to adjacent
photoreceptor terminals to form putative basal
contacts

Aside from the intricate, and likely connected, meshwork
that photoreceptor telodendria formed, we occasionally
encountered another unusual characteristic, namely, a te-
lodendrion from one photoreceptor was in close apposition
to the telodendrion of another photoreceptor, often over
significant distances (Fig. 6). This could be observed in
photoreceptors that are immediately next to each other
(Fig. 6B1,B2), or photoreceptors that were separated by 20
or more micrometers from each other (Fig. 6A71,A2,C1-C4).
Occasionally, we could also identify putative synaptic
vesicles in some of these processes (Fig. 6C7). As men-
tioned in the previous sections, our current data does
not have enough resolution to definitively identify gap
junctions, but we suggest that the close proximity of te-
lodendria from adjacent and nonadjacent photorecep-
tors is not random, but rather indicative of contacts. We
also observed instances of close association resembling
basal contact between the extending telodendrion of
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one photoreceptor and the terminal base of a nonadjacent
photoreceptor, with a flattening of membranes between
the telodendrion and the terminal, strongly suggesting as-
sociation (Fig. 6D7-D3). Telodendria from more distally lo-
cated photoreceptors also appear to be in close apposition
directly to the terminal membrane of an adjacent photore-
ceptor for extended distances, suggesting contact from
the adjacent photoreceptor (Fig. 6E,F1,F2,G1,G2). It is also
possible that the telodendria of some photoreceptors inva-
ginate into the terminals of adjacent photoreceptors, as
has been observed in zebrafish (Fadool, 2003). Although
we have had several preliminary observations (data not
shown) that suggest this might be happening for skate
photoreceptors as well, we have not been able to confi-
dently confirm that this is the case.

Multiple postsynaptic processes invaginate into a
single skate photoreceptor terminal forming
structures that are unlike the typical tetrad observed
in the terminals of rods from duplex retinas

Processes from vertebrate postsynaptic retinal neu-
rons, namely bipolar cells and horizontal cells, tend to
invaginate into the synaptic terminal of their target pho-
toreceptor, be it rod or cone (for some of many exam-
ples see Stell et al.,, 1977; Haverkamp et al., 2000;
Witkovsky, 2000; Tsukamoto et al., 2001; Tsukamoto
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Figure 6. Telodendria association between nonadjacent and adjacent photoreceptors. A1, A2, 3D reconstructions of 2 terminals
separated by ~20 um from the P2R9 dataset showing their respective telodendria extending toward each other and running adja-
cent to each other (white arrowheads) for ~10 um indicating a possible association via a nonchemical synapse connection. B1, B2,
3D reconstructions of two immediately adjacent photoreceptor terminals from the same dataset. Note the close proximity of both
telodendria to each other (white arrowheads) and the lack of any other telodendria with such close association in these two termi-
nals (scale bar = ~5 um). C1-C4, EM images showing a progression of 700-nm steps through the data (equal to 10 sections) and a
demonstration of the close proximity (white arrows) of the telodendria from the photoreceptors in A1, A2, A telodendrion from the
green terminal can also be seen in C1 running in parallel for a short distance. Possible synaptic vesicles in the yellow telodendrion
can be seen in C1 as well. Thirty sections later (i.e., ~ 2100 nm), the red and yellow telodendrion separate (scale bar=1 pum). D1~
D3, A possible basal contact between the telodendrion of one terminal (green + white arrowhead) and the terminal of a nonadjacent
photoreceptor (dark orange). Other white arrowheads show telodendria from neighboring photoreceptors crisscrossing the IPL; rib,
synaptic ribbon; term, synaptic terminal (scale bar=1 um). E, A telodendrion from a more distally positioned photoreceptor (term1,
dark orange) extending past an adjacent photoreceptor (term2, blue) but remaining in close proximity to the soma suggesting possi-
ble contact. White arrowheads point to telodendria from the blue, dark orange and burgundy terminals (scale bar=5 um). F1, F2,
G1, G2, 3D reconstructions of the blue and dark orange terminals from different angles showing the proximity between the blue ter-
minal and the dark orange terminal telodendrion (scale bar =5 pm).

and Omi, 2014). This anatomy tends to be somewhat
stereotypical and in mammalian rod terminals, often
called spherules, four invaginating processes come
from two horizontal and two bipolar cells, forming a so
called “triad” or “tetrad” synapse (Kolb, 1970, 1977,
1994; Kolb and Jones, 1984). These processes termi-
nate at different invaginating depths under a single ribbon
with the horizontal cell dendrites almost invariably closer to
the ribbon and the bipolar cell dendrites more distant.
However, variations and exceptions on this theme in mam-
malian retinas are beginning to be described (Tsukamoto
and Omi, 2022). On the other hand, mammalian cone termi-
nals, often called pedicles, display a seemingly quite differ-
ent anatomy, with multiple ribbons and multiple invaginating
processes (Strettoi et al., 2010). Upon closer examination,
it becomes apparent that each synaptic ribbon bears a
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striking resemblance to a single rod spherule, i.e., there are
two bipolar cell processes and two horizontal cell processes
terminating under each individual ribbon. The whole mam-
malian cone pedicle, then, resembles a number of spherules
brought together in a single terminal. In nonmammalian reti-
nas, the individual anatomy of rod and cone terminals is sim-
ilar, but there are some differences, depending on the
species. For example, multiple ribbons seem to be present
in rod terminals of amphibian rods (Witkovsky, 2000) and
cone pedicles have a single large invagination (Klaassen et
al., 2016). Surprisingly, our very close inspection of the
skate photoreceptor terminal revealed a different organiza-
tion. Some of it we have already described in the previous
sections (see section describing ribbons). What we noticed
here, is the presence not only of multiple ribbons in each ter-
minal, but also of multiple invaginating processes (Fig. 7B,
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E). Each photoreceptor terminal we examined did not have
four invaginating processes, as would be expected from
other work examining vertebrate rod terminals, but a much
higher number, all clearly invaginating into that terminal. The
partially reconstructed invaginating postsynaptic process of
two neighboring photoreceptor terminals from the P2R9 vol-
ume are shown in Figure 7A1,A2,D1,D2. The individual post-
synaptic processes for each terminal are shown individually
in Figure 7C1-C11,F1-F10.

Our quantifications show that there are at least 10, but
as many as 18, distinct invaginating processes that we
could reasonably assign to reconstructed postsynaptic
partners in different photoreceptor terminals. This is likely
a conservative estimate, since we sometimes had to omit
processes we thought were not sufficiently traced to es-
tablish them as anatomically distinct. Interestingly, there
does not seem to be any correlation between the number
of telodendria per photoreceptor terminal, and the num-
ber of invaginating processes (Fig. 7G). Because of the
rare occurrence of terminals with four ribbons, we only
have one such terminal with reconstructed invaginating
processes, Where there appear to be 18. This is insufficient
data for us to make any definitive conclusions about a cor-
relation between the number of ribbons and the number of
invaginating processes for terminals with four ribbons and
further investigation is necessary. However, terminals with
two and three ribbons appear to have very similar number
of invaginating processes (n =4, mean = 12.25 for two rib-
bons; n=5, mean = 11.80 for three ribbons; Fig. 7G). We
currently do not have reliable data for terminals with one
ribbon, as they are also rare and additional imaging is
needed to capture all invaginating processes in such
terminals.

Discussion

In this study, we report a number of ultrastructural hall-
marks of the functionally plastic photoreceptor of the
skate retina. Using serial EM imaging, we show that skate
photoreceptors display typical rod characteristics in their
outer segments, but somewhat hybrid rod-cone charac-
teristics in their inner segments and synaptic terminals.
Thus, the skate photoreceptor almost appears to be sep-
arated into two distinct anatomic domains. Namely, outer
segment architecture displays stacked membrane discs
physically separated from the plasma membrane, as in a
typical rod, and likely reflective of the physiology and abil-
ity of skate photoreceptors to function with great sensitiv-
ity at scotopic light levels (Carter Cornwall et al., 1989).
On the other hand, skate photoreceptors’ synaptic ar-
chitecture appears to borrow elements of cone pedicle
design, perhaps reflective of their ability to recover func-
tionality under photopic light conditions (Dowling and
Ripps, 1970).

The little skate as a novel model in the study of the
comparative neuroscience of vision

The physiology and molecular landscape of the duplex
(i.e., mixed rod-cone) vertebrate retina have been worked
out in great detail in the past ~50years, especially for
mammals (Nilsson, 2009; Baden and Euler, 2013; Demb
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and Singer, 2015; Lamb, 2019). Transgenic approaches in
animal models have also contributed greatly to our study
of different elements of rod and cone circuitry, together,
or in isolation (Soucy et al., 1998; Mears et al., 2001).
However, a large number of studies of the visual system
have been performed on a fairly limited number of model
organisms, like mouse, rat, rabbit, zebrafish, or salaman-
der. This is likely because technical approaches have al-
ready been well established for these organisms, but it is
worth noting that the almost exclusive study of the visual
system in such model organisms has perhaps given us
too narrow a focus and may have introduced bias in our
understanding of broad and comparative principles of ret-
inal design. The simplex, single photoreceptor cell type,
skate retina provides us with an important new comparative
model and an exciting avenue to study vertebrate photore-
ceptor circuitry within the context of a system well-adapted
to function in its ecological niche. Furthermore, the ability of
this simplex retina to perform work under both scotopic and
photopic ranges of illumination allows us a unique opportu-
nity to examine how complete our understanding of retinal
design and physiology is. Indeed, only in the last several
years, a long-held assumption that rods saturate and are
mostly inactive under photopic conditions in a duplex
retina has been challenged (Tikidji-Hamburyan et al.,
2017; Frederiksen et al., 2021). Thus, such novel com-
parative models should not be underestimated, as they
have the potential to add exciting new avenues in vision
restoration efforts and to aid our overall understanding
of the vertebrate visual system.

Similarities and differences between rods and cones
from duplex retinas and photoreceptors from the
simplex retina of skate
Outer segments, inner segments, and synaptic terminals
Our detailed examination of the outer segments of
skate photoreceptors using a SB-3DEM approach has
confirmed the typical architecture of stacked mem-
brane disks separated from the plasma membrane, as
observed previously by Szamier and Ripps (Szamier
and Ripps, 1983), and typically expected of vertebrate
rods from mammalian and nonmammalian retinas, alike
(Rodieck, 1998). This architecture is different from ver-
tebrate cones, which have an outer segment plasma
membrane and stacked membrane disks that are con-
tinuous with each other (Mustafi et al., 2009). These
outer segment structural hallmarks were long thought
to be important mediators of function in both rods and
cones, but an elegant recent study in lamprey retina by
Morshedian and Fain (Morshedian and Fain, 2015) de-
finitively showed that the single-photon sensitivity of
rods is not intimately connected to the separation of
outer segment disk membranes and the rod plasma
membrane, since lamprey rods have cone-like outer seg-
ments. Skate photoreceptors appear to have sensitivity
approaching single photon detection (Carter Cornwall et
al., 1989) and, despite their functional plasticity and abil-
ity to light-adapt to photopic levels of illumination, they
display a stereotypical outer segment morphology, as
we have confirmed here. Yet, strikingly, they still retain
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Figure 7. Multiple postsynaptic processes invaginate into a single photoreceptor terminal. A1, A2, Side and top-down view of a partial
photoreceptor terminal from the P2R9 dataset along with all of its reconstructed invaginating postsynaptic contacts (scale bar=5 pm).
term, synaptic terminal; EM, electron microscopy. B, EM image and segmentation example of the same terminal (term1, green) and its in-
vaginating processes (scale bar=1 um). C1-C11, 3D reconstructions of each invaginating process with the photoreceptor terminal re-
moved for clarity. White arrowheads point to the two synaptic ribbons of the green terminal. At least 11 distinct processes appear to
invaginate into this terminal (scale bar=5 pum). D1, D2, Side and top-down view of a partial photoreceptor terminal from the P2R9 dataset
along with all of its reconstructed invaginating postsynaptic contacts (scale bar=5 pm). E, EM image and segmentation example of the
same terminal (term2, burgundy), and its invaginating processes scale bar=1 pum). F1-F10, 3D reconstructions of each invaginating
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continued

process with the photoreceptor terminal removed for clarity. White arrowheads point to the three synaptic ribbons of the burgundy terminal.
At least 10 distinct processes appear to invaginate into this terminal. B and E show that these two terminals are adjacent to each other but
do not appear to share any of the reconstructed processes, with the possible exception of process F5 of term2 (scale bar=5 um). G, A
graph of the number of postsynaptic processes we have segmented from different terminals. There is no appreciable correlation between
the number of ribbons and the number of invaginating processes for any given terminal (data for terminals with four ribbons is insufficient
for any conclusions (n = 1). Photoreceptor telodendria are also not significantly different between terminals with different number of ribbons

and different number of invaginating processes.

an ability to speed up their kinetics, lower their sensitivity,
and expand their functional capabilities to cone levels of il-
lumination. We propose that some of that remarkable ca-
pability has structural underpinnings manifested in the
inner segment and synaptic terminals of skate photorecep-
tors. We have elaborated on this hypothesis in the sections
that follow.

It is worth noting that retinal samples for this study were
dissected under ambient illumination and thus we should
consider the photoreceptors light-adapted (see Materials
and Methods). Teleost fish and amphibians undergo diur-
nal and circadian retinomotor movements, which gener-
ally manifest themselves in changes of the myoid portion
of the inner segment of each photoreceptor type (Welsh
and Osborn, 1937; Besharse et al., 1977; Menger et al.,
2005). Specifically, light-adapted rod inner segments
elongate, thereby bringing outer segments closer to the
retinal pigment epithelium (RPE), while cone inner seg-
ments retract from the RPE in the light-adapted state;
the situation is reversed for each photoreceptor type dur-
ing dark-adaptation. Although to the best of our knowledge
similar detailed studies of retinomotor movements in
skate have not been performed, a similar phenomenon
has nevertheless been described for skate photoreceptors,
showing a retraction of outer segments from the RPE after
light offset (Szamier and Ripps, 1983). Similarly, a deple-
tion of synaptic vesicles in the photoreceptor terminal
and at the synaptic ribbon, as well as a distortion of the
synaptic terminal membrane, have all been described
previously for skate photoreceptors under high K* perfu-
sion conditions, i.e., maximal membrane depolarization
(Ripps and Chappell, 1991). Thus, we should consider
that our study likely reports skate photoreceptor inner,
and probably outer, segments in their most extended
state. Considering the above-cited studies, skate pho-
toreceptor synaptic vesicles and synaptic ribbons will likely
be also more numerous and longer, respectively, under
light-adapted conditions. However, further detailed ultra-
structural studies of these cells under these conditions are
necessary to confirm these ideas.

In the results presented here, we show that skate pho-
toreceptor terminals have a varying number of ribbons
(between one and four, and possibly more) and that there
is a skewed distribution toward two to three ribbons/ter-
minal, among the photoreceptor terminals we examined.
We propose that photoreceptors with different numbers
of ribbons may be functionally distinct. That is, photore-
ceptor synaptic terminals with one or two ribbons may
be more frequently used under scotopic conditions (i.e.,
rod-like function), while synaptic terminals with three or
four ribbons may be used more heavily under photopic
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conditions (i.e., cone-like function). Our structural data
(Fig. 4) suggests that the distribution of terminals with dif-
ferent number of ribbons is in a mixed mosaic, rather than
a spatial clustering of terminals with specific numbers of
ribbons. Furthermore, we think it is possible that ribbon
structure and synaptic vesicle density may change differ-
entially during light and dark adaptation in photoreceptors
with different number of ribbons, as has been described
for rods and cones in the goldfish retina (Yazulla and
Studholme, 1997).

Similarly, additional preliminary data from our laboratory
not presented here points to a nonselective connection of
putative bipolar and horizontal cells to photoreceptors with
different number of ribbons. In fact, it appears that neurons
postsynaptic to photoreceptors might make connections
to photoreceptors based on what is available in their den-
dritic field, rather than selectivity based on a specific pho-
toreceptor attribute, at least that we can determine so far
from preliminary data. As mentioned before, previous liter-
ature indicates that other vertebrate species, like teleost
fish (Stell et al., 1977; QOel et al.,, 2020) and mammals
(Carter-Dawson and Lavail, 1979; Zampighi et al., 2011),
have a single synaptic ribbon per rod, although exceptions
for mammals have been described (Migdale et al., 2003).
Amphibians, on the other hand, tend to have multiple rib-
bons in their rods (Townes-Anderson et al., 1985; Usukura
and Yamada, 1987; Witkovsky, 2000). However, system-
atic studies of rod synaptic ribbons in different vertebrate
retinas are largely absent from the literature and a descrip-
tion of these organelles is often in a functional context, or
in the context of describing structural motifs of connectiv-
ity. To our knowledge, a systematic quantification of ribbon
distribution across photoreceptors in a simplex retina, as
we have performed here, is completely lacking.

Telodendria with synaptic vesicles and gap junctions

The multiple telodendria extending from each skate pho-
toreceptor terminal were another intriguing finding from our
study. Telodendria appear to be often associated with
mammalian and nonmammalian cones (Behrens et al.,
2016; Noel and Allison, 2018) where they are largely be-
lieved to be sites of cone-to-cone gap-junctional con-
tacts (J.J. O’Brien et al., 2012). Mammalian rods seem to
lack telodendria (Asteriti et al., 2015), but at least some
nonmammalian rods have extensive telodendria net-
works (Fadool, 2003) . Our results also strongly suggest
the presence of conventional chemical synapses along
skate photoreceptor telodendria (Fig. 5). This type of ar-
chitecture might be in place of, or in addition to, gap
junctional contacts along these same telodendria. At
present, we do not have sufficient resolution in our data
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to exclude or confirm the presence of gap junctions
along these processes, or between the terminal endings
of adjacent photoreceptors. Nevertheless, we suggest
that the role of photoreceptor telodendria in skate retina
is to indeed mediate some form of receptor coupling and
therefore possibly improve sensitivity (Fain et al., 1976),
either through chemical or electrical synapses, or both.

Invaginating contacts

Yet another surprising finding in this study has been the
number of individual postsynaptic processes we were able
to identify in the single invagination of skate photorecep-
tors (Fig. 7). The high number of invaginating processes
(mean of 12.85 processes per photoreceptor terminal) is
not typical of vertebrate rods, yet the single invagination
into the terminal is. For example, mammalian rods typically
have a single invagination with four dendritic processes
(evenly split between horizontal and bipolar cells) terminat-
ing proximally and distally to the synaptic ribbon, respec-
tively (Rao-Mirotznik et al., 1995). On the other hand,
mammalian cone pedicles tend to have multiple ribbons
(exact number depends on the cone type) and multiple in-
vaginations, each with approximately four invaginating
processes (Haverkamp et al., 2000). This arrangement is
somewhat less organized in nonmammals, but generally,
there are fewer invaginating process in rods (Kock and
Stell, 1985; Witkovsky, 2000) and more in cones (Dowling,
1970; Ishida et al., 1980; Kamermans et al., 2001). To our
knowledge, the ultrastructural characteristics of synaptic
terminal arrangement of photoreceptors in a simplex retina
has never been described.

Structure of vertebrate rod and cone photoreceptors

Ciliary photoreceptor cells in the vertebrate retina have
for a very long time been separated into two distinct
classes: rods and cones (Walls, 1934). This separation was
initially entirely based on strikingly different structural char-
acteristics, like outer segment morphology for example, but
gradually evolved to include a variety of physiological and
molecular characteristics (Ingram et al., 2016). However, in-
creasing number of studies in recent years have demon-
strated that structural characteristics alone appear to be
woefully insufficient to assign a rod or cone identity to a par-
ticular photoreceptor. For example, lamprey rods achieve
single-photon sensitivity with cone-like outer segments
(Morshedian and Fain, 2015), while some of the photore-
ceptors in the all-cone retina of garter snakes exhibit what
would be considered a rod-like outer segment with stacked
membranes separated from the plasma membrane (Schott
et al., 2016). As we have confirmed here, skate photorecep-
tors have a typical rod-like outer segment, and yet, as others
have shown (Carter Cornwall et al., 1989), they can ef-
fortlessly crossover into the cone functional domain. It
would be, therefore, quite informative to determine
whether changes in structure accompany this physio-
logical adaptation in skate photoreceptors.

Considerations of skate photoreceptors and photorecep-
tor densities of duplex retinas

Using histologic approaches in adult animals, photore-
ceptor density in the skate retina was estimated by Mé&thger
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and colleagues (Mathger et al., 2021) to ~7.7 x 10* to
~9.4 x 10* cells/mm? in the area of the visual streak (our
samples are also from that approximate area). We should
note that the eyes of teleost fishes continue to grow
throughout life and continue to add new photoreceptors
in the retinal periphery (Kunz, 2007). We assume the same is
true for skate eyes, since we know that they change size
as the animal grows (Anastassov IA, unpublished observa-
tions). We do not think we can obtain reliable photoreceptor
densities from our data, as our EM samples do not cover a
large enough area, but we can compare the photoreceptor
densities from Méthger and colleagues to average photore-
ceptor densities reported by others in commonly used spe-
cies. Rough approximations of photoreceptor densities in
zebrafish, mouse, salamander, and Xenopus from the litera-
ture are as follows: (1) zebrafish ~6.0 x 10* and ~2.1 x 10*
cells/mm? for rods and cones, respectively (Huckenpahler
et al., 2018; Van houcke et al., 2019); (2) mouse ~3.3 x 10°
to 5.1 x 10° and ~8.7 x 10%to 1.6 x 10° cells/mm? for rods
and cones, respectively (Jeon et al., 1998); (3) salamander
~4.4 x 10% and ~3.5 x 102 cells/mm? for rods and cones,
respectively (Zhang and Wu, 2009); (4) Xenopus ~7.3 x 10°
and ~6.4 x 10° cells/mm? for rods and cones, respectively
(Gabriel and Wilhelm, 2001). Note, this is only an approxima-
tion from the literature and is taken across retinal eccentric-
ities and cone spectral sensitivities, where described. It
appears, albeit somewhat surprisingly, that skate photore-
ceptor density in the visual streak is an order of magnitude
higher than what is found for both rods and cones in am-
phibian retinas. This holds even for photoreceptor densities
away from the visual streak, based on values reported by
Mathger and colleagues (Méathger et al., 2021). Skate photo-
receptors are marginally denser in the visual streak than the
total populations of zebrafish rods and cones, but that differ-
ence starts to disappear when one moves away from the
visual streak and toward the periphery. Unsurprisingly,
mouse rods have a density that is an order of magnitude
higher, while mouse cones are of similar, or higher density
than skate photoreceptors. Thus, skate photoreceptor den-
sities appear to be higher than rod and cone densities in am-
phibians and teleost fishes, but generally lower than rod,
and possibly cone, densities in mice. This difference could
be a function of the difference in photoreceptor and eye
sizes between species, and makes it difficult to determine
whether the density is in some way relevant to the previously
observed dual physiological function in skate photorecep-
tors. A careful examination of the photoreceptor mosaic and
the possible electrical/chemical coupling between skate
photoreceptors, as we have shown in this study, could help
us understand any network contribution to said dual physio-
logical function in skate retina.

Considerations of skate photoreceptor structure with rela-
tion to phototransduction adaptation

The physiology of light-adaptation in skate photorecep-
tor outer segments was beautifully demonstrated in sin-
gle-cell suction recordings by Cornwall and colleagues
(Carter Cornwall et al., 1989). We have also confirmed in
the present study the outer segment structure findings by
Szamier and Ripps (Szamier and Ripps, 1983; i.e., OS
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membrane discs separated from the plasma membrane;
see Fig. 3B1,B2). It is also worth considering that molecu-
lar mechanisms of light-adaptation could involve key resi-
due changes in skate rhodopsin, as compared with other
vertebrate opsins and described by O’Brien and col-
leagues (J. O’'Brien et al., 1997). In their study, O’Brien and
colleagues cloned opsin cDNA from the skate retina and
showed that there are residue changes in skate opsin at po-
sitions known to interact with phototransduction cascade
proteins. For example, a residue change in skate opsin
(GIn150Ser), which is considered the site for transducin in-
teraction, might affect transducin activation levels, or even
transducin translocation to the inner segment. Importantly,
transducin translocation to the IS during light-adaptation
has not been demonstrated for skate photoreceptors thus
far. However, if such transducin translocation does take
place, as has been shown for the physiology of mouse rods
(Lobanova et al., 2007; Frederiksen et al., 2021), it perhaps
leads to changes in phosphodiesterase 6 (PDE6) activation
and changes in outer segment cGMP-gated current. In our
study, we show that skate photoreceptors have inner seg-
ments that are ~40% longer than outer segments (Fig. 3),
which, along with the GIn150Ser substitution in skate rho-
dopsin, could have an effect on any hypothetical transducin
translocation and therefore have an effect on the point at
which skate photoreceptors switch from high sensitivity to
low sensitivity.

Skate photoreceptors and downstream circuitry
exhibit unusual architecture previously undescribed in
a single photoreceptor cell type

In this study we show that skate photoreceptors have a
number of unusual structural characteristics housed in
the same cell, including multiple synaptic ribbons cen-
tered over a single photoreceptor synaptic invagination,
long extending telodendria that form intricate networks,
and multiple invaginating contacts into each photoreceptor
terminal. Interestingly, studies by several groups examining
the rd7 mutant mouse line, a model for the human disease
enhanced S-cone syndrome (ESCS), demonstrate that
knocking out the rod-specific nuclear receptor Nr2e3,
which works in concert with the transcription factor Nrl,
suppresses expression of cone-specific genes in devel-
oping rods and results in a “hybrid” photoreceptor type
with both rod and cone morphologic and molecular char-
acteristics (Chen et al., 2005; Corbo and Cepko, 2005;
Peng et al., 2005). The evolutionarily conserved sequence
for Nr2e3, especially in zebrafish, makes it an interesting
target to search for in skate retina. Surprisingly, however,
we have not been able to find Nrl expression in our recently
obtained skate retina transcriptome data (Anastassov IA,
unpublished observations).

While earlier classical studies have examined the physi-
ology of the skate retina in considerable detail (Dowling
and Ripps, 1970, 1971, 1972, 1977; Kline et al., 1985;
Carter Cornwall et al., 1989; Malchow et al., 1990), with
this study we aim to build toward a similar comprehensive
description of the underlying retinal ultrastructure. Our
observations should offer a valuable contribution to our
understanding of the anatomic organization of simplex
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retinas at large, especially since serial ultrastructural data
from such retinas are largely lacking. Future studies
exploring the structure and characteristics of the inner
skate retina using SB-3DEM methodology, as well as
serial EM examinations of the photoreceptors and
inner retina in other understudied vertebrate species,
are needed. Findings from such endeavors should help
us build a comprehensive understanding of what, if
any, are the defining structural features of photorecep-
tors and other cell types in vertebrate retinas.
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