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Regional variation in the organization
and connectivity of the first synapse
in the primate night vision pathway

Aindrila Saha,1,2,4 Juan Zuniga,1,4 Kainat Mian,1,4 Haoshen Zhai,1 Paul J. Derr,1 Mrinalini Hoon,1,2,3,*

and Raunak Sinha1,2,3,5,*

SUMMARY

Sensitivity of primate daylight vision varies across the visual field. This is attributed to regional variations in
cone photoreceptor density and synaptic connectivity of the underlying circuitry. In contrast, we have
limited understanding of how synapse organization of the primate night vision pathway changes across
space. Using serial electron microscopy, we reconstructed the first synapse of the night vision pathway be-
tween rod photoreceptors and second-order neurons, at multiple locations from the central part of the pri-
mate retina, fovea, to the periphery. We find that most facets of the rod synapse connectivity vary across
retinal regions. However, rod synaptic divergence and convergence patterns do not change in the same
manner across locations.Moreover, patterns of rod synapse organization are tightly correlatedwith photo-
receptor density. Such regional heterogeneities revise the connectivity diagram of the primate rod synapse
which will shape synapse function and sensitivity of the night vision pathway across visual space.

INTRODUCTION

Humans like most other primates do not sample the visual scene uniformly across space and as a result exhibit remarkable differences in sensi-

tivity between central and peripheral vision.1–3 This is largely driven by regional differences in the packing density of photoreceptors and the

underlying primate retinal circuitry.4–6 Cone photoreceptors drive daylight and rod photoreceptors mediate night vision. We know a great

deal about how regional changes in cone photoreceptor density result in variations in the overall structure and connectivity of the cone-driven

neural circuits at distinct locations in the primate retina.6–8 However, our understanding of how the basic architecture of the first visual synapse for

the rod photoreceptor-driven night vision pathway as well as the connectivity pattern of the rod photoreceptor output synapses to second-order

neurons, rod bipolar cells (RBCs), and horizontal cells (HCs) (Figure 1A) changes between retinal regions remains far from complete. This is of

particular importance because the primate retina is heterogeneous across locations and as such extrapolation of neural connectivity across re-

gions is not possible. Like humans, a hallmark of the retina in diurnal primates is the presence of an anatomical specialization called the fovea,

which accounts for over half of the retinal output to the rest of the brain.4 The presence of the fovea creates a topographic variation in the density

of rods, cones, their relative ratio, and the density of subsequent postsynaptic neurons from the fovea to the peripheral primate retina.5,9,10 Pre-

vious studies have shown that the number of synapses made by individual cone photoreceptors is almost 2-fold lower in the fovea than in the

peripheral primate retina.11 In addition, the synaptic connectivity of cones to downstream neurons in the dominant neural circuit of the fovea, the

midget pathway, changes significantly across locations.6,7 Our focus in this study is to provide a similar understanding for the number, organi-

zation, and connectivity of the rod photoreceptor synapse and the primary night vision pathway across retinal locations in primates.

Rod and cone photoreceptors form specialized invaginating synapses with a stereotypic organization conserved among mammals.9,12–15

This synapse is commonly referred to as a ‘‘triad’’ synapse based on its initial characterization at the cone axon terminals which include a pre-

synaptic vesicle anchoring structure, the ribbon, juxtaposed to three distinct postsynaptic elements, one provided by BCs and two from

HCs13,14,16 (Figure 1A). Unlike conventional synapses in the brain, where neurotransmitter release is intermittent, ribbons allow the photore-

ceptor synapses to tether a large number of synaptic vesicles near the release site for a high rate of tonic neurotransmitter release in dark-

ness.17–19 Light inputs are encoded via graded changes in this tonic rate of transmitter release. A previous study on cat retina suggested that

the presence of a single large crescent-shaped ribbon which forms a single release site, called active zone, in rod terminals makes them

unique compared to all other mammalian neurons with several active zones.18 This idea of a single active zone per rod terminal was revised

by subsequent studies, which reported that a single ribbon typically has two distinct active zones which are defined as two distinct ‘‘synaptic
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units’’ each consisting of a ribbon or part of a ribbon opposed to non-overlapping postsynaptic processes.20,21 Such a specialized presynaptic

design was thought to mediate the high baseline rate of neurotransmitter release from rod terminals in darkness.20 It remains largely un-

known, however, whether such a precise architecture of the rod synapse, including the number of ribbons and synaptic units, remains invariant

or changes across locations within the primate retina. In fact, a conclusive study with a systematic comparison of rod synapse ultrastructure

and the precise pattern of synaptic connectivity between rods and the second-order neurons across multiple locations within the same pri-

mate retina is missing.

Figure 1. Rod synapse organization across locations in primate macaque retina

(A) Schematic representation of the rod to rod bipolar cell (RBC) ribbon synapse in the mammalian retina. Each RBC pools inputs from multiple rod

photoreceptors. The signal from the rod photoreceptors is modified by input from horizontal cell (HC) processes. Inset: Schematic of a rod terminal (rod

spherule or RS) demonstrating a classical ribbon synapse flanked by two central RBC processes and two lateral HC processes. (A0) Schematic representation

of the different regions of the macaque retina.

(B) 3D rendering of amacaque rod spherule (gray) with one ribbon (red) (top-left); 2 ribbons (middle-left), and one ribbon forming two synaptic units by contacting

two distinct sets of postsynaptic partners (bottom-left). Corresponding single-plane annotated EM images displaying the spherules and their ribbon synapses as

seen during reconstructions. Four consecutive images depicted for each scenario (right panels).

(C) Number of ribbons per individual rod spherule for all four regions of interest (parafovea, central, mid-periphery, and periphery) in the macaque retina.

Parafovea: 1.63 G 0.03 (n = 88), central: 1.05 G 0.02 (n = 93), mid-periphery: 1.05 G 0.02 (n = 117), and periphery: 1.27 G 0.05 (n = 92). n = number of rod

spherules reconstructed. The size of the circle represents the relative frequency of occurrence of rod spherules containing 1, 2, or 3 ribbons with respect to

the total number of rod spherules in a specific region (see Table S1 and STAR methods). Error bars represents mean G SEM. Statistics: Tukey’s multiple

comparison test was performed.

(D) Number of synaptic units per rod spherule across the four regions of interest. Parafovea: 1.65 G 0.05 (n = 88), central: 1.16 G 0.04 (n = 93), mid-periphery:

1.21 G 0.04 (n = 117), and periphery: 1.46 G 0.05 (n = 92). n = number of rod spherules reconstructed. The size of the circle represents the relative frequency of

occurrence of rod spherules containing 1, 2, or 3 synaptic units with respect to the total number of rod spherules in a specific region (see Table S1 and STAR

methods). Error bars represents mean G SEM. Statistics: Tukey’s multiple comparison test was performed.

(E) Number of synaptic units per ribbon in each rod spherule across the four regions of interest. Parafovea: 1.01G 0.01 (n = 143), central: 1.1G 0.03 (n = 98), mid-

periphery: 1.17 G 0.04 (n = 121), and periphery: 1.16 G 0.03 (n = 116). n represents the number of ribbon synapses documented at each region. The size of the

circle represents the relative frequency of occurrence of ribbon synapses containing 1 or 2 synaptic units with respect to the total number of ribbon synapses in a

specific region (see Table S1 and STAR methods). Error bars represent mean G SEM. Statistics: Tukey’s multiple comparison test was performed.
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Figure 2. Synaptic divergence at the rod synapse across retinal eccentricity

(A) 3D rendering of a parafoveal rod spherule (RS) with 2 ribbons contacting 3 RBC (RBC1-3) and 3HC (HC1-3) partners. The top panel shows the 3D reconstructed

image whereas the bottom panel shows annotated single-plane images of invaginating contact with the different postsynaptic partners. The image on the

extreme left is an example raw image of the terminal. Typically, parafoveal rods contact 6 postsynaptic partners and contain two ribbons. Scale bar: 1 mm for

single-plane images and 2 mm for 3D renderings.

(B) 3D rendering of a central rod spherule with 1 ribbon contacting 2 RBC (RBC1-2) and 2 HC (HC1-2) partners. The top panel shows the 3D reconstructed image

whereas the bottompanel shows annotated single-plane images of invaginating contact with the different postsynaptic partners. The image on the extreme left is

an example raw image of the terminal. Typically, central rods utilize a single ribbon to connect with 4 postsynaptic partners.

(C) 3D rendering of a mid-peripheral rod spherule with a single ribbon contacting 2 RBC (RBC1-2) and 2 HC (HC1-2) partners. The top panel shows the 3D

reconstructed image whereas the bottom panel shows annotated single-plane images of invaginating contact with the different postsynaptic partners. The

image on the extreme left is an example raw image of the terminal. Typically, mid-peripheral rods utilize a single ribbon to connect with 4 postsynaptic partners.

(D) 3D rendering of a peripheral rod spherule containing 1 ribbon apposed to 3 RBC (RBC1-3) and 2 HC (HC1-2) partners. The top panel shows the 3D

reconstructed image whereas the bottom panel shows annotated single-plane images of invaginating contact with the different postsynaptic partners. The

image on the extreme left is an example raw image of the terminal. Typically, peripheral rod spherules contact 5 postsynaptic partners at one ribbon.
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To assess how the rod photoreceptor synapse and its connectivity with postsynaptic partners change across locations in the primate retina,

we used serial block-face scanning electron microscopy (SBEM) to image and reconstruct the rod, RBC, and HC circuitry at four distinct

locations in the macaque outer retina—parafoveal (�1 mm from the foveal center), central (�3 mm), mid-peripheral (�5 mm), and far periph-

eral (�10mm) retina (Figure 1A’).We find that not only does the number of ribbon synapses per rod axon terminal change across eccentricities

but the fundamental organization of the rod synapse also varies across locations. We also discovered that basic properties of synaptic diver-

gence and convergence of rod to RBC and HC connectivity change in a nonlinear manner with increasing distance from the fovea. To further

determine if these differences in the organization of the rod synapse are dependent on the relative differences in the rod and cone density

across locations, we compared reconstructions of the rod to RBC, HC synaptic circuitry in the rod-abundant mouse retina with a high rod-to-

cone ratio vs. reconstructions in the cone-abundant peripheral retina of marmosets where the rod-to-cone ratio is low and comparable to that

of the macaque parafovea9,22,23 (Figure S1). Our results across retinal locations and species indicate that the configuration and connectivity of

the rod synapse depend on the relative packing of rods and cones across the photoreceptor sheet of the primate retina. These new insights

into the regional variation of synapse organization andwiring of the rod to postsynaptic RBCs andHCs have important functional and percep-

tual implications in how the dim light sensitivity of the primate night vision pathway is tuned across the visual field.

RESULTS

The number and organization of rod ribbon synapses vary across retinal locations

In the primate retina there is a pronounced regional increase in the density of both rods and RBCs from the fovea which reaches peak density

at�15 degrees of visual angle, which corresponds to�4mm from the foveal center in macaque retina, followed by a gradual decrease farther

in the peripheral retina4,5,9,10 (Figure S1A). We verified this regional heterogeneity in rod density by quantifying the density of rod terminals in

our electronmicroscopy (EM) stack across regions, since the entire outer nuclear layer was not always present in the image stack (Figure S1C).

Thus far, there is sparse evidence which suggests that the number of synapses between rods and its postsynaptic partners vary across retinal

locations.20,24 Our SBEM reconstructions across four retinal locations of the macaque retina showed the stereotypical invaginating configu-

ration of the synapse between rod axon terminals, called spherules, and the processes of the RBCs and HCs (Figure 1B). RBC dendrites make

invaginating contacts at rod spherules forming the central element in the synaptic triad, and HC processes form the lateral elements (Fig-

ure 1B). Rods across species have typically been shown to consist of 1–2 ribbons in their axon terminals.20,21 We reconstructed �400 primate

rod spherules across the four retinal locations and found significant differences in rod ribbon numbers and synapse organization across ec-

centricity (Figure 1). We find that parafoveal rods have the lowest instances of single ribbon per rod spherule unlike peripheral, mid-periph-

eral, and central rods wheremost of the rods contained a single ribbon. In fact, rod spherules with two or more ribbons weremost common in

the parafovea and quite rare in the other locations. Thus, on average, parafoveal rods contain the highest number of ribbons followed by the

peripheral, mid-peripheral, and central rods (Figure 1C; Table S1). We next estimated the length of the ribbons at each of the four locations

(Figure S2), which did not exhibit remarkable changes between locations even though the parafoveal rods seem to have slightly smaller rib-

bons and the peripheral rods seem to have comparatively larger ribbons.

A central feature of the rod ribbon organization is a synaptic unit comprising a ribbon or part of a ribbon juxtaposed to a pair of lateral

elements and one or more central elements (Figure 1B; see STAR methods). Each ribbon can have one (Figure 1B, top and middle panel)

or two synaptic units (Figure 1B, bottom panel). In the latter scenario, a single ribbon is opposed to two sets of lateral and central elements

at two distinct regions of the ribbon with at least one non-overlapping partner (Figure 1B, bottom panel). Previous work has shown that

primate rod photoreceptors in general have two synaptic units per spherule.20,21 Here we determined the organization of ribbon output

sites within rod spherules across locations, categorizing the number of associated synaptic units. We find that the numerically dominant

configuration in rod spherules is one synaptic unit per ribbon across all locations (Figures 1C–1E). There are however some instances of two

synaptic units per ribbon which are relatively higher in occurrence in the central and peripheral locations than in the parafovea (Figure 1E;

Table S1). When we compare the number of synaptic units per rod spherule, we find that whereas the central, mid-peripheral, and periph-

eral rods primarily demonstrate one synaptic unit per spherule, the parafoveal rods have significantly higher instances of two synaptic units

per rod spherule (Figure 1D; Table S1). The organization and number of ribbons for central and mid-peripheral rods were more similar

compared to the other two locations, i.e., parafoveal and peripheral retina. This pattern is also consistent with the reduced rod density

in the periphery and the parafovea compared to the central retina (Figure S1), thereby allowing greater space for packing the rod spher-

ules. Altogether, these findings indicate key differences in the organization of the rod spherule ribbon synapses across locations in the

primate retina.

Figure 2. Continued

(E) Total number of postsynaptic partners (RBC+HC) contacting a rod spherule across eccentricities. The bar represents the average with the different sized circles

representing the number of instances of each occurrence. Parafovea: 5.81G 0.11 (n = 88), central: 4.03G 0.07 (n = 104), mid-periphery: 4.13G 0.05 (n = 117), and

periphery: 5.03 G 0.09 (n = 92). In this plot and in plots shown in panel F and G, the size of the circle represents the relative frequency of occurrence of rod

spherules containing the different numbers of postsynaptic partners with respect to the total number of rod spherules (see Table S2 and STAR methods). n

represents number of rod spherules. Error bars represents mean G SEM. Statistics: Tukey’s multiple comparison test was performed.

(F andG) Number of RBCs (F) andHCs (G) contacting a rod spherule across different regions of themacaque retina. Number of RBCs in (F) - Parafovea: 3.3G 0.07

(n = 88), central: 2G 0.04 (n = 104), mid-periphery: 2.11G 0.04 (n = 117), and periphery: 2.84G 0.07 (n = 92). Number of HCs in (G) - Parafovea: 2.51G 0.07 (n = 88),

central: 2.06G 0.04 (N = 104), mid-periphery: 2.02G 0.02 (n = 117), and periphery: 2.2G 0.04 (n = 92). n represents number of rod spherules. Error bars represents

mean G SEM. Statistics: Tukey’s multiple comparison test was performed.
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Divergence from the rod photoreceptor synapse varies across retinal eccentricity

A common pattern of synapse organization in the nervous system is synaptic divergence where a single presynaptic neuron makes output

synapses onto multiple postsynaptic partners.25–28 In the retina, synaptic divergence is exemplified at photoreceptor synapses.29–32 The

extent of synaptic divergence from rods to downstream RBC and HC neurites varies across species.15,16,20 For instance, the number of

RBC central elements per rod spherule can vary from one to five and the number of HC lateral elements per rod spherule can vary from

two to four in primate retina.20,24 To assess how synaptic divergence varies across retinal space in the macaque retina, we reconstructed

all the RBC and HC neurites that enter the rod spherule and are postsynaptically localized at the �400 rod spherules across four retinal

locations.We counted the number of RBC andHCprocesses contacting each rod spherule (Figures 2A–2G).Our results show that on average,

rods in the macaque retina irrespective of their retinal location make synaptic contacts with more than one RBC central element. Parafoveal

rods have the highest number of postsynaptic RBC central elements followed by the peripheral rods. Central and mid-peripheral rods have

the lowest number of postsynaptic RBC central elements (Figure 2F). 47% of the parafoveal rods connect to three distinct RBCs; 40% of

them have four invaginating RBCs, whereas 60% of the rods in the peripheral retina diverge their signals onto three RBCs. This higher degree

of divergence is unique to the parafoveal and peripheral retina, as in the central and mid-peripheral retina, >75% of the rods have only two

RBC partners invaginating into their axon terminals (Table S2).

We find that parafoveal rods also make synaptic contacts with the highest number of HC processes compared to rods in other locations. In

fact, 38% of the parafoveal rods make synaptic contacts with three HC lateral elements, whereas a large population (>80%) of rods at other re-

gions contact only two HC lateral elementsmuch like in cat retina18 (Table S2). Our findings thus reveal that rods in the parafovea have the great-

est number of postsynaptic partners, i.e., exhibit the greatest extent/degree of synaptic divergence. Furthermore, this synaptic divergence from

the rod spherule varies remarkablywith location in themacaque retina (Figure 2E). Besidesdifferences in the averagenumber of rod postsynaptic

partners across locations, we also founda great degree of variability and hence a broad distribution of the number of postsynaptic partners in the

parafoveal and peripheral rods—ranging from 4 to 8 partners. In contrast, central andmid-peripheral rods had amore conserved organization of

postsynaptic partners varying between 3 and 6 partners with a narrow distribution that peaks at four (Figure 2E; Table S2; Figure S3). The higher

number of postsynaptic divergences at parafoveal and peripheral primate rods may be shaped by space constraints in the primate retina due to

lower rod density and consequently lower density of RBCs in these locations.24 Taken together, our results indicate that the greatest degree of

signal divergence from the first synapse of the night vision pathway is found in the parafoveal macaque retina.

Rod synapse organization and divergence in mouse vs. marmoset retina

If the regional differences that we observed in the number of ribbon synapses per rod spherule and rod synaptic divergence are in fact due to

changes in the relative density of rod to cone photoreceptors in macaque retina, then we predict that we should see similar differences in

synapse arrangement between animal species where the retina has an abundance of rods vs. cones. To test this prediction, we performed

SBEM and reconstructed the rod synapse and its postsynaptic connections with RBCs and HCs in the mouse retina which has a very high den-

sity of rods relative to cones,�32:1,22 and contrasted that with rod synapse organization in the marmoset peripheral retina which has a much

lower rod-to-cone density, �4:1, similar to the distribution in the macaque parafovea.9,23 The rod to RBC, HC synapse in the mouse retina

displays a stereotypic organization where a single presynaptic ribbon is juxtaposed to two HC lateral elements and two RBC central elements

forming a tetrad15,20 and a single synaptic unit (Figure 3A). This is the dominant pattern of rod synapse connectivity in the mouse retina with

relatively few instances of rod spherules with two ribbons or two synaptic units per ribbon (Figures 3C–3E). There are also rare instances of

three or five postsynaptic processes in the mouse rod spherule (Figures 3F–3H). Overall, the pattern of rod synaptic connections in mouse

retina is consistent with previous findings15,21 and is also similar to observations in central and mid-peripheral macaque retina

(Figures 2E–2G). In contrast, rod synapses in the marmoset peripheral retina exhibit striking differences both in their architecture and con-

nectivity with the postsynaptic RBC and HC partners compared to mouse and macaque retina (Figure 3B). Most of the rod spherules in

marmoset retina contain 2 ribbons with 1–2 synaptic units per ribbon resulting in a total of 2–3 synaptic units per rod terminal

(Figures 3C–3E; Table S3). The length of the ribbon in both mouse and marmoset retina is similar to that in macaque retina (Figure S2)

and consistent with previous estimates in mouse retina.33,34 Increased number of ribbons per rod terminal results in an increased number

of postsynaptic partners and an increased diversity in the pattern of connectivity. Unlike the mouse rod terminal, the number of postsynaptic

processes for a given marmoset rod terminal exhibits a broad distribution ranging from 5 to 10 with the most frequent instances of 8

Figure 3. Synapse organization and divergence at rod photoreceptors in mouse and marmoset retina

(A and B) 3D rendering of typical organization of the rod terminal ribbon synapse and apposed postsynaptic partners inmouse (A, top) andmarmoset (B, top) rod

axon terminals. Mouse rods typically have 4 postsynaptic partners (2 RBCs and 2 HCs) whereas marmoset rods have significantly higher degree of synaptic

divergence with the most common configuration of �8 postsynaptic partners (typically 5 RBCs and 3 HCs). Bottom panel (A and B) depicts corresponding

single-plane annotated images depicting invaginating contact of each postsynaptic partner at the rod spherule.

(C–H) Quantification of the number of ribbons per rod spherule Mouse: 1.08G 0.04 (n = 50), Marmoset: 1.82G 0.125 (n = 22) (C), number of synaptic units per rod

spherule Mouse: 1.14G 0.05 (n = 50), Marmoset: 2.32G 0.12 (n = 22) (D), number of synaptic units per rod ribbon Mouse: 1.06G 0.03 (n = 54), Marmoset: 1.28G

0.08 (n = 40) (E), number of total postsynaptic partners contacting a rod spherule Mouse: 4.02G 0.05 (n = 50), Marmoset: 7.86G 0.3 (n = 22) (F), number of RBC

partners contacting a rod spherule Mouse: 2.02G 0.04 (n = 50), Marmoset: 5.32G 0.13 (n = 22) (G) and number of HC partners contacting a rod spherule (H) for

mouse vs. marmoset rod spherulesMouse: 2G 0.04 (n = 50), Marmoset: 2.55G 0.13 (n = 22). The size of the circle represents the relative frequency of occurrence

as plotted in Figures 1 and 2 (see Table S3, STAR methods). Scale bar: 1 mm for single-plane images and 2 mm for 3D renderings. n = number of rod spherules

reconstructed. Error bars represents mean G SEM. Statistics: An unpaired, two-tailed student’s t test was performed.
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Figure 4. Rod convergence to rod bipolar cells across retinal eccentricities

(A) 3D reconstructions of rod bipolar cells (RBCs) that contact rod spherules at different locations of the macaque retina—parafovea (magenta), central (brown),

mid-peripheral (green), and peripheral (blue). Top panel: side view of RBC soma and dendritic arbor; bottom panel: top-down view of RBC arbor.

(B) 3D rendering of all rod spherules contacting an individual RBC at different retinal locations—parafovea (magenta, rods in shades of pink), central (brown, rods

in shades of orange), mid-peripheral (green, rods in lighter shades of green), and peripheral (blue, rods in lighter shades of blue) retina. Top panel: side view;

bottom panel: top-down view. (Scale bar: 8 mm).

(C) Quantification of RBC dendritic arbor area across retinal regions. Parafovea: 894.36 G 32.13 mm2 (n = 3), central: 290.07 G 14.85 mm2 (n = 3), mid-periphery:

345.53 G 55.32 mm2 (n = 3), and periphery: 1714.17 G 343.10 mm2 (n = 3). The circles represent individual data points. n = number of RBCs reconstructed. Error

bars represents mean G SEM. Statistics: Tukey’s multiple comparison test was performed.
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postsynaptic processes per rod terminal (Figure 3F; Table S3). The number of postsynaptic RBC processes has a greater variation across

marmoset rod terminals than the number of postsynaptic HC processes. In fact, the most common scenario in marmoset rod spherules com-

prises six RBC postsynaptic processes, which is 2-fold greater than rod spherules in any location in macaque retina and 3-fold greater than

those in mouse retina (Figure 3G; Table S3). In contrast, the most common number of HC processes for contactingmarmoset rod spherules is

similar or near similar to that in macaque andmouse retina (Figure 3H; Table S3). Overall, the increased divergence of postsynaptic processes

seems to be unique to marmoset rod spherules. Taken together, our results demonstrate that rod synapses in mouse and marmoset retina

exhibit significant differences in their synaptic organization which is correlated with the ratio of rod to cone density across species.

Convergence of rods to RBCs increases in a nonlinear manner from parafovea to periphery

Like divergence, another fundamental motif of synaptic connectivity is convergence, where a common postsynaptic neuron receives input

from several presynaptic neurons.35–37 In the mammalian retina, rod-to-RBC connectivity demonstrates varying degrees of synaptic conver-

gence based on species.21,38–40 Convergence plays an important role in controlling the efficacy with which single photon signals generated in

the rods can be reliably discriminated from noise and hence relayed to the RBCs.41–43 For instance, in rabbit retina, rod convergence onto a

single RBC is �5-fold higher than that in mouse retina, and the threshold for separating signal and noise from the rod array in rabbit retina is

quite different compared to the mouse retina.43 To estimate rod convergence in primate retina across eccentricity, we reconstructed the

entire dendritic arbor of multiple RBCs at each of the four retinal locations. We first estimated the area of the RBC dendritic arbor and found

that the dendritic area and hence themorphology of the RBCs vary significantly across locations (Figures 4A and 4C). Peripheral RBCs have the

largest dendritic field area followed by the parafoveal RBCs, whereas themid-peripheral and central RBCs havemuch smaller dendritic areas.

This was surprising, given previous reports that RBC dendritic areas could increase linearly toward the peripheral primate retina.24 The fact

that parafoveal RBC dendrites share a similar arborization pattern as peripheral RBCs is thus striking. The area of the RBC dendritic arbor thus

follows the same pattern as the rod and RBC density across primate retinal locations, indicating that availability of space might serve as

a primary constraint regulating the proliferation of RBC dendrites across retinal locations. Parafoveal RBCs also exhibit a unique

dendritic morphology as they have a long primary arbor/central stalk before branching commences (Figure 4A, left). However, for RBCs in

other locations, the primary dendrite branches soon after it exits the cell body.

Rod convergence (number of rods a single RBC pools from) did not necessarily scale with the size of the RBC dendritic area across retinal lo-

cations (Figures 4B and 4D). Although the rod convergencewas highest for the peripheral RBCs, the estimate in themid-peripheral retina, where

RBCdendritic area is�6-fold smaller, isquite close. Parafoveal andcentral RBCsexhibit near-equal rod convergencedespite a 3-folddifference in

the RBCdendritic area across these two locations. These results indicate that rod convergencedoes not change in a linear fashionwith increasing

distance from the fovea, nor does it follow the same trend as the rod density or RBC dendritic area across locations.

We next tested if our estimates of convergence and divergence agree with the following relationship of rod-to-RBC connectivity proposed

in previous anatomical studies44,45: [Rod density] x [Divergence] = [RBC density] x [Convergence]. We used published numbers of rod and

RBC density from previous studies24,46 and used our measurements of divergence and convergence (Figures 2F and 4D). Our estimates of

[RBC density] x [Convergence] exceeded that of [Rod density] x [Divergence] considerably at all locations (Table S4). This means that there

are other factors such as dendritic overlap between neighboring RBCs and dendritic complexity which need to be considered in the above

relationship to accurately estimate convergence or divergence.

Degree of overlap between neighboring RBCs and shared rod input across locations

We next determined the extent to which the dendritic arbors of neighboring RBCs overlap in the primate retina and how this spatial pattern

could change across eccentricity. Retinal neurons exhibit a key design principle of spatial organization called ‘‘tiling’’ by which the dendrites of

a particular neuron extend out to the dendritic tips of the neighboring neuron of the same subtype thereby minimizing dendritic over-

lap.29,47,48 Such a regular spatial distribution among retinal neurons is thought to be crucial for uniform sampling of the visual scene.47

The dendritic arbors of most mammalian cone retinal bipolar cell types have been shown to exhibit tiling across the retinal space.29 To assess

tiling of neighboring primate RBCs across retinal regions, we reconstructedmultiple adjacent RBCs at the four retinal locations and estimated

their shared dendritic arbors (Figures 5A–5C). Neighboring RBCs at each retinal location exhibit considerable degree of overlap between

their dendritic fields, with values as high as �50% (Figure 5D). Dendrites of neighboring parafoveal RBCs exhibited the highest degree of

overlap among all retinal locations. This suggests that unlike mammalian cone bipolar cells, primate RBC dendrites do not show tiling of

the retinal space. Our results are also consistent with previous studies in mouse and human retina, which reported �50% dendritic overlap

between neighboring RBCs.32,49 The variability in the % overlap (5–50%) of nearby RBC dendritic arbors was also quite high at all retinal lo-

cations which could potentially result from the varying distance between reconstructed neighboring RBCs (Figure 5B).

We used another approach to quantify the dendritic overlap between neighboring RBCs by calculating the coverage factor44 which is the

product of RBCdendritic area, estimated in Figure 4C, with RBC density taken from a previous study.24 The estimates of RBC coverage factors

are as follows: parafovea - 4.5G 0.16; central - 3.5G 0.18;mid-periphery - 2.6G 0.41; periphery - 8.6G 1.7. These results are overall consistent

Figure 4. Continued

(D) Comparison of number of rods converging onto a single RBC across different locations of macaque retina. Parafovea: 34.67 G 2.40 (n = 3), central: 36.50 G

2.06 (n = 4), mid-periphery: 47.67 G 0.33 (n = 3 RBCs), and periphery: 52 G 0.58 (n = 3). The circles represent individual data points. n = number of RBCs

reconstructed. Error bars represents mean G SEM. Statistics: Tukey’s multiple comparison test was performed.
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Figure 5. Overlap in rod connectivity and dendritic area between neighboring rod bipolar cells across retinal locations

(A) Dendritic arbor of two neighboring RBCs that share rod input across different regions of the primate retina. Side (top panels) and top-down (bottom panels)

view of the 3D reconstructed profile of neighboring RBCs with overlapping dendritic arbors and sharing rod inputs in the parafovea (magenta), central (brown),

mid-peripheral (green), and peripheral (blue) retina.

(B) Dendritic arbor overlaps between neighboring RBCs across different regions of themacaque retina. Each oval depicts the dendritic arbor of an individual RBC.

The dendritic overlap has been estimated from the overlap between two ellipses.

(C) Side (top panels) and top-down (bottom panels) view of rods (in gray) shared between neighboring RBCs at the parafovea, central, mid-peripheral, and

peripheral region of the macaque retina.

(D) Comparison of the fraction of rods shared per unit shared dendritic area between two neighboring RBCs at the different regions of interest in the macaque

retina. Scale bar: 8 mm.
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with estimates of RBC coverage factor in human retina49 and support our aforementioned findings of a significant overlap of the dendritic

arbor in neighboring RBCs. Coverage factor has also been described as an estimate of synaptic divergence, i.e., the average number of

RBCs postsynaptic to individual rod.45 The coverage factor values calculated earlier are overall comparable to our estimates of rod-to-

RBC synaptic divergence, except in the peripheral retina (Figure 2F). This could be due to the more elaborate and spread-out dendritic arbor

of peripheral RBCs compared to RBCs in other locations of the macaque retina.

We next estimated the number of shared rods between adjacent RBCs at the different retinal regions and found that RBCs in the parafovea

have the highest number of shared rods (Figure 5C). This result is consistent with the higher % overlap of neighboring RBC dendritic arbors in

the parafovea. As expected from thewide range of % dendritic overlap between neighboring RBCs, the number of shared rods between pairs

of adjacent RBCs also varied substantially irrespective of the retinal location (Figure 5D). Neighboring parafoveal RBCs shared 4–19 rods, cen-

tral RBCs shared 3–15 rods, mid-peripheral RBCs shared 1–17 rods, and peripheral RBCs shared 2–16 rods. To confirm that the % of dendritic

overlap between adjacent RBCs is directly correlated with the % of shared rods, we calculated the number of shared rods per unit shared

dendritic area for RBCs and found a positive correlation between the two parameters across all the retinal locations (Figure 5D). Taken

together, our results show that neighboring RBCs in primate retina display a great amount of dendritic overlap and have a similar degree

of information sharing with rods at all retinal locations.

DISCUSSION

It is well known that regional variation in the sensitivity of human daylight vision is largely driven by the differences in cone photoreceptor

synapse and circuit organization across retinal eccentricity. Here we identify key regional differences in the fundamental organization and

connectivity of the rod photoreceptor synapse—a critical juncture in the primate night vision pathway. The overall arrangement of the rod

synapse with the postsynaptic RBC and HC is thought to be well conserved across mammals.9,18,20 In fact, a previous study in cat retina sug-

gested that the rod synapse is largely invariant in its size, shape, and organization frommouse toman because the primary function of the rod

synapse is conserved, i.e., to effectively transmit the presence or absence of a single photon signal.18 However, subsequent studies identified

synaptic differences in macaque and human rods in comparison to cat retina.15,20 But, to what extent do differences exist in the rod synapse

within the same primate retina across distinct locations has not been systematically analyzed and determined. By performing a comprehen-

sive ultrastructural analysis of rod synapses at four distinct retinal locations in the same primate species, we found that the rod synapse

changes its synaptic architecture and wiring with postsynaptic partners in a manner quite distinct from previously described regional changes

for primate cone photoreceptor synapse.7,11 For instance, our results show that the rod synapse is more similar in its presynaptic organization

and number of postsynaptic partners, between the parafoveal and the peripheral retina than the cone synapses are at these two locations.

This may be because in contrast to a unidirectional steep decrease in cone density from the foveal center to the peripheral retina, there is first

a steep increase in rod density from the parafovea to the central retina followed by a slow but steady decrease toward peripheral retina (Fig-

ure S1).9,46 This causes the rod and RBC density to be nearly similar in the parafoveal and peripheral retina even though the cone density

differs by over 10-fold between these two locations.9,46 Such similarities in cellular density may also explain why central and mid-peripheral

rod synapses are more alike than the other two locations. Despite the similarities, some of the differences in rod and RBC ribbon numbers

and convergence between parafoveal and peripheral retina could be due to differences in the ratio of rod to cone density at these locations

(Figure S1B). We further validated this idea of rod synapse organization and wiring being shaped by relative density of rods and cones by

reconstructing the mouse and marmoset rod synapse and mapping the local circuitry (Figure 3). Mouse retina which has a high rod-to-

cone density9,22 demonstrate patterns of rod synapse architecture and divergence most comparable to central and mid-peripheral macaque

retina, whereas marmoset peripheral retina with a low rod-to-cone density shares features of rod synapses most comparable to parafoveal

macaque retina.

Our results suggest that, barring a few, most facets of basic synaptic organization and connectivity of the rod to RBC, HC synapse change

across retinal locations. This is unlike rod synapses in mouse and cat retina where there is little to no deviation in the synapse architecture and

connectivity across the population.18,21 Moreover, unlike mouse retina, the dominant route for rod signal transmission in the primate retina is

via the rod-to-RBC synapse; hence, changes in rod synaptic organization in the primate retina may have a bigger impact on downstream dim

light signaling.50 Therefore, regional changes in primate rod synapse can impact synaptic/circuit function and hence sensory processing in the

night vision pathway. Early studies have suggested that based on the statistical variability of the synaptic neurotransmitter release process,

mammalian rod ribbon synapses need to have a high tonic release rate in darkness to effectively signal the capture of a single photon.17 Such a

small signal causes a small membrane hyperpolarization of rods, resulting in a brief reduction/pause in neurotransmitter release at the rod

synapse. It has been proposed that on the presynaptic side having multiple ribbons or synaptic units per rod spherule could potentially in-

crease this tonic release rate to better encode sparse dim light signals.17,18 On the postsynaptic side, when a single ribbon is opposed to four

postsynaptic RBC and HC processes in a tight space, it allows the release of neurotransmitters to equally activate all four of the postsynaptic

elements. Such a configuration has been proposed to be far more compact than having four separate release sites juxtaposed to four post-

synaptic processes such as in hippocampal or cortical synaptic boutons.18 This means that with greater number of postsynaptic processes per

rod spherule, the overall activation of the postsynaptic neuron is greater. In themacaque parafoveal and peripheral retina where rod density is

low, havingmore ribbons and/or synaptic units per rod spherule compared to intermediate retinal locations with higher roddensity could be a

compensatorymechanismof the rod synapse to boost signal detection and signal transmission at these locations. Moreover, due to instances

of higher ribbons and/or synaptic units in the parafoveal and peripheral rods, there is also a higher number of postsynaptic partners or syn-

aptic divergence which allows further amplification and diversification of dim light signals. The high degree of synaptic divergence is
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particularly striking in the marmoset peripheral rods which might suggest a greater need for maximizing signal transmission from individual

rods to downstream RBCs and HCs than macaque retina.

Our results suggest that space availability in the retinamight dictate the synaptic divergence and convergence patterns we observe across

regions and species. For instance, lower rod density in the parafoveal and peripheral macaque retina andmarmoset peripheral retina leads to

more synaptic divergence per rod terminal to maximize information spread to the downstream circuitry from a single rod. In terms of conver-

gence, the lower rod and RBC density in the parafoveal and peripheral retina may drive the expansion of the rod bipolar dendritic arbor area

so that it can reach out tomore rods andmaximize convergence. Availability of space tomake synaptic connections between rods and RBCs is

further constrained by the relative packing of rods and cones in the photoreceptor sheet as well as the overlap in the dendritic area of neigh-

boring RBCs. In fact, the coverage factor—a measure of dendritic overlap—is higher in parafoveal and peripheral RBCs than other locations

which shows a compensatory mechanism in tiling of RBCs to facilitate an increase in synaptic divergence in regions of lower rod density.

Conversely, in regions of higher roddensity, synaptic divergence of rod to RBC is less, together with a smaller RBC coverage factor. In addition

to density of rods and RBCs, dendritic complexity and branching of RBCs could further dictate the number of synaptic contacts with rods and

hence convergence. For instance, central and mid-peripheral RBCs with similar dendritic area exhibit considerable differences in their rod

convergence which is not proportionate to the difference in rod density between these two regions.

What is the functional impact of such regional variations in synaptic convergence between rod andRBCs? The near-identical rod convergence

between parafoveal and central RBCs (Figure 4D) due to an increase in the dendritic field area of RBCs in the parafovea could be a strategy to

equalize the dim light sensitivity of parafoveal RBCswith central RBCs at the cost of a coarser resolution.Mid-peripheral andperipheral RBCs due

to higher convergencewill have higher sensitivity and coarser resolution than parafoveal and central RBCs. Previous studies in peripheral primate

retina have in fact shown a tight correlation between rod convergence and dim light sensitivity of the primary night vision pathway.43,51 Rod

convergence is also important for the rod signals to be optimally filtered by pooling of inputs because the night vision pathway operates under

conditionswhen photons are sparse and the rod signal-to-noise ratio is quite low.42,51,52 Hence, differences in rod convergence could shape how

rod signals are integrated and optimally filtered. For instance, a lower degree of rod convergence in parafoveal and central RBCs would predict

that the probability distribution across the smaller rod array is lower and hence the position of the nonlinear threshold to effectively separate the

noise and single photon signal in rods should be placed at a lower value. However, in the case of peripheral RBCs which collect inputs from a

larger pool of rods, the threshold insteadwill need tobe placed at a higher value to effectively separate signal andnoise.41 Hence, this could lead

to regional differences in the sensitivity of RBCs and the downstreamnight vision circuitry. Thus, even though the central primate retina is special-

ized for high acuity daylight vision, we know that the dim light sensitivity of our averted vision, commonly used by stargazers to identify faint

celestial objects in the night sky, peaks at a visual angle of �8–10�53 which is in between what we define as parafoveal and central retina.

Thus, in future studies it will be interesting to test the threshold of dim light detection of the primary night vision pathway in the primate retina

at these central locations and compare how similar or dissimilar this is to peripheral retina.

Limitations of the study

A limitation of our study is not being able to directly relate the anatomical variations we observe in the rod synapse organization and connectivity

across retinal locations to differences in synapse output and circuit function. This is because of challenges in targeting RBCs in primate retina for

single-cell electrophysiological recordings. Unlike mouse retina, the soma of the RBCs in primate retina does not have a characteristic

morphology or location in the inner nuclear layer that allows them to be distinguished from other bipolar cell types. Another limitation is the

incomplete wiring pattern of the rods to HCs since HC processes extend over large area well beyond the 3D image volume that we recon-

structed. This prevented us from estimating rod convergence onto single HCs similar to how we estimated that metric for RBCs in this study.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Raunak Sinha

(raunak.sinha@wisc.edu).

Materials availability

This study did not generate unique reagents.

Experimental model and study participant details

Primate retinal tissue was obtained from two adult (2 years and 7 years old respectively) maleMacaca nemestrina (macaque) and an adult (7

years old) female Callithrix jacchus (marmoset) through the Tissue Distribution Programs at the Washington and Wisconsin National Primate

Centers. Mouse retinal tissue was obtained from an adult (� postnatal day 60) male C57/BL6 mouse. Rod synapse organization and connec-

tivity inmacaque,marmoset andC57/BL6mouse retina as analyzed in this study, are not expected to exhibit sex-baseddifferences.15,23,24,54,55

All procedures were approved by the Institutional Animal Care and Use Committee at the University of Wisconsin-Madison and the University

of Washington.

Data and code availability

� The EM datasets used in the current study have not been deposited in a public repository because of the size of the datasets and use in

ongoing studies but are available from the lead contact upon request.
� This paper does not report original code.

� Any additional information required to analyze data reported in the paper is available from the lead contact upon request.

METHOD DETAILS

Tissue preparation and serial electron microscopy

For the macaque, marmoset and mouse preparations, the retina was dissected in bicarbonate Ames solution. For the macaque retina prep-

aration, the foveal center was identified as previously described.56 In brief, we prepared samples for each retinal region for SBEM, by iden-

tifying the dimple-like appearance of the foveal pit/center in the temporal retina under a stereomicroscope. Four retinal regions were then cut

out in temporal retina with increasing eccentricity from the foveal pit and prepared for electron microscopy. These regions were: parafoveal

(�1 mm from the foveal pit/center), central (�3 mm from the foveal pit/center), mid-peripheral (�5 mm from the foveal pit/center) and pe-

ripheral (�10mm from the foveal pit/center). 1 degree of visual angle in macaque corresponds to 0.246mm.6,57 For themarmoset andmouse

retina, the peripheral retina region was used. For the marmoset, this region was �5 mm from the foveal pit (center). Retinas were immersion

fixed in 4% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). Retinas were then washed in cacodylate buffer, stained, dehydrated,

and embedded in Durcupan resin using an established protocol.58

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Macaque retina Regional Primate Research Center N/A

Marmoset retina Regional Primate Research Center N/A

Mouse: C57/BL6 Jackson Laboratory Strain #: 000664

RRID: MGI:6111814

Software and algorithms

IGOR Pro WaveMetrics RRID: SCR_000325

Fiji NIH RRID: SCR_002285

Amira ThermoFisher Scientific RRID: SCR_014305

Biorender BioRender.com RRID: SCR_018361

Trak-EM2 Cardona et al. RRID: SCR_008954

MATLAB Mathworks RRID: SCR_001622
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All retinas were sectioned and imaged across the vertical axis (cross-section). A Zeiss 3View Serial block face scanning electronmicroscope

was used to section and image the retinal blocs. Image collection was optimized to visualize synaptic ribbons within photoreceptor terminals.

For the macaque andmouse image stacks, a resolution of 5 nm/pixel was used. For the marmoset image stack a resolution of 6 nm/pixel was

used. All stacks were acquired with a section thickness of 50 nm. Multi-montage acquisition was performed to capture wide field of views.

Imaging was localized to the outer plexiform layer where photoreceptor terminals laminate and the inner nuclear layer where somas of

rod bipolar cells and horizontal cells reside. Each tile of the montage was �45 mm in size.

Image segmentation and cell identification

Image stacks were imported, aligned and stitched using the TrakEM2module in FIJI/ImageJ (NIH).59 Rod photoreceptor terminals/spherules

were identified by their stereotypic features as previously described.18,20,21 Electron dense ribbon structures within rod terminals were

localized apposed to typical invaginating contacts as shown previously.20,21 Presence of ribbons were confirmed when the electron dense

structure continued for at least 4 consecutive planes, close to the triad arrangement at the rod axon terminal. The rod bipolar cells (RBCs)

were identified by following the central invaginating element into the rod spherule at the outer plexiform layer and following the processes

till their somas at the inner nuclear layer. The 3D visualization of the RBC annotation showed the typical morphology of RBCs as detailed in

previous studies.21 Rod spherules, RBC processes and HC processes were traced manually using the AreaTree function of TrakEM2. Ribbon

synapses were annotated using AreaList function in TrakEM2. These annotations were subsequently visualized in Amira 2.0 (ThermoFisher

Scientific). At each location of the macaque retina, at least 3 RBCs and all the rods contacting each RBC (approximately 100 rods per region)

were reconstructed. For the mouse and marmoset peripheral retina, 50 and 22 rod spherules were reconstructed respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

We define synaptic units as ribbon synapses or part of a ribbon synapse juxtaposed to a distinct set of postsynaptic processes. On the

presynaptic side, a synaptic unit can be the entire ribbon or part of a ribbon each of which lasts for at least 4 consecutive planes. On the

postsynaptic side, each synaptic unit contacted a unique set of postsynaptic partners comprising of at least one distinct central or lateral

element. For each rod spherule, we counted the number of synaptic units per ribbon and total number of synaptic units per rod spherule

(Figure 1D). We traced back most of the RBC dendrites to their respective somas and did not observe instances of multiple RBC dendrites

from the same rod spherule tracing back to the same RBC. Occasionally, one of themultiple dendrites of the RBCs at the rod spherules at the

edge of the EM stacks could not be traced back to their somas since theywere cut off from the stack. But wewere able to trace the dendrites of

the other RBCs and found that each dendritic invagination in the rod spherule is from a distinct RBC across locations. Processes of horizontal

cells are much longer and extended beyond the image volume which was a limitation (as mentioned above) in tracing them back to their

somas.

The dendritic area of RBC (Figures 4C and 5D) was calculated by drawing a polygon around the dendritic arbor of a specific RBC in FIJI and

calculating the area of the polygon. To calculate the percentage of dendritic overlap, we drew a polygon around the dendritic arbor of an RBC

and the overlapping section with a second neighboring RBC in a top-down 3D view. The percentage overlap was calculated by dividing the

area of the polygon shared between the two RBCs by the area of the polygon encompassing the full dendritic arbor of the RBC (Figures 5B

and 5D). In the parafoveal and peripheral stacks, for two RBCs (one in each stack, marked by dotted lines in Figure 5B), the complete

dendritic arbor was not part of the acquired image stacks. However, based on the 3D renderings of these RBCs, the overlapping region

with neighboring RBCwas completely within the stack and has been used for quantifications of dendritic arbor overlap in Figure 5D. However,

these RBCs have not been used for quantifying rod convergence (Figure 4D).

In Figures 1, 2, 3, and 4 the bar plots represent mean G SEM. For Figures 1, 2, and 3, the circles represent the relative frequency of

occurrence of rod spherules or ribbons exhibiting distinct features with respect to the total number of rod spherules/ribbons quantified.

The symbol size was set as a function of the weight of the parameter. The minimum and maximum sizes were then set to be 1 and the total

number of instances quantified.

Tukey’s multiple comparison tests were used to determine the statistical differences across regions in macaque retina (Figures 1, 2, and 4).

An unpaired, two-tailed student’s t-test was used to determine the statistical significance between rod spherules in mouse and marmoset

retina (Figure 3). * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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