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The Old World macaque monkey and New World common marmoset provide fundamen-
tal models for human visual processing, yet the human ancestral lineage diverged from
these monkey lineages over 25 Mya. We therefore asked whether fine-scale synaptic wiring
in the nervous system is preserved across these three primate families, despite long periods
of independent evolution. We applied connectomic electron microscopy to the specialized
foveal retina where circuits for highest acuity and color vision reside. Synaptic motifs
arising from the cone photoreceptor type sensitive to short (S) wavelengths and associated
with “blue—yellow” (S-ON and S-OFF) color-coding circuitry were reconstructed. We
found that distinctive circuitry arises from S cones for each of the three species. The S
cones contacted neighboring L and M (long- and middle-wavelength sensitive) cones in
humans, but such contacts were rare or absent in macaques and marmosets. We discovered
a major S-OFF pathway in the human retina and established its absence in marmosets.
Further, the S-ON and S-OFF chromatic pathways make excitatory-type synaptic contacts
with L and M cone types in humans, but not in macaques or marmosets. Our results
predict that early-stage chromatic signals are distinct in the human retina and imply that
solving the human connectome at the nanoscale level of synaptic wiring will be critical
for fully understanding the neural basis of human color vision.

marmoset and macaque retina | neural circuitry | human vision | color vision
comparative connectomics

Model organisms such as macaque monkey provide a broad scaffold for understanding
vertebrate neural systems (1, 2), yet nerve circuits must be altered in some way by evolution
to modify perception and behavior across species (3, 4). Thus, understanding how synaptic
wiring differs across closely related species can help to explain the underlying logic of
neural circuit design (5-8). This undertaking is especially critical for the human brain,
where only limited homology can be made with monkey brain organization (9, 10)—a
fact which may not be surprising given over 25 My of independent evolution in these two
distinct primate lineages (11).

Humans and many nonhuman primates are trichromatic: The image projected onto the
retina is initially sampled by three cone photoreceptor types with peak sensitivities at short
(S), middle (M), or long (L) wavelengths (12). But, the cones are not labeled lines for color:
Their photon catch rates are determined by both wavelength and photon number (lux) (13),
meaning information about wavelength must be extracted by comparing signals across cone
types. This task is accomplished in postreceptoral neural circuits by antagonistic or opposing
interactions between cone signals (14). An enduring question about such opponent circuitry
is the mismatch between fundamental cone-opponent mechanisms established physiologically
in macaques (15) vs. the color-opponent channels of human color perception (16-21).
Specifically, the perceptual color opponent axes posited to link the unique hues, red, green,
blue, and yellow with underlying mechanisms (16, 17) do not align with the cone opponent
axes (S vs. L+M (hereinafter or LM) and L vs. M) identified physiologically at the level of the
retina and lateral geniculate nucleus (15). It has been suggested that higher-order mechanisms
amplify and combine the cardinal S vs. LM with the L vs. M opponent signals (22-24).

In the best-understood model for human color coding, the macaque monkey, S cones
give rise to two parallel signaling pathways specialized for color processing (25). First,
each S cone is selectively contacted by a morphologically distinct ON-type bipolar cell
(26, 27), creating a circuit that responds to light increment (S-ON pathway). For con-
sistency with previous studies (28, 29), we refer to the S-ON-type bipolar cell as “blue
cone bipolar” (BB), but it should be noted that any color percepts arising from the output
of this bipolar type remain unknown.

Each S cone in macaque fovea is also selectively contacted by a single “flat midget”
bipolar (FMB) cell (30, 31), forming a circuit that responds to light decrements (S-OFF
pathway). The BB (S-ON) and FMB (S-OFF) bipolar cells, respectively, contact S-ON
and S-OFF ganglion cell types (32, 33), creating parallel color-coding output pathways.
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In both pathways, the S cone signals are opposed by signals drawn
from both L and M cones to generate either blue-ON/yellow-OFF
or blue-OFF/yellow-ON cone opponent ganglion cell receptive
fields. A hallmark of these pathways in macaque is the purity of
the excitatory S cone signal: S-ON and S-OFF bipolar cells draw
input selectively only from S cones. Moreover, while L and M
cones are coupled by gap junctions at the synaptic pedicle, S cones
remain electrically isolated from their L and M cone neighbors
(34). These S cone pathways in macaque have been characterized
by detailed electron microscopic circuit reconstruction in multiple
studies (26, 30, 31, 33, 35) (SI Appendix, Fig. S10) and are viewed
as defining an S vs. LM cardinal axis of cone-opponent processing
applicable to human color vision (36).

By contrast with macaque monkey, detailed characterization of
human retinal circuitry is limited (27, 29, 37), and a single pre-
vious study suggested the absence of the S-OFF flat midget circuit
at presumed S cones (38). Similarly, a light microscopic immu-
nolabeling study (39) suggested that the S-OFF pathway is absent
in marmosets, despite the presence of an S-ON ganglion cell cir-
cuit homologous to that identified in macaques (40, 41). The
incidence of color vision defects due to changes in cone photopig-
ment spectral tuning is substantially lower in macaques than that
in humans and marmosets (42-44), but whether there is parallel
interspecies variability in the color circuitry postsynaptic to the
cones is unclear. Further, in nonprimate mammals, the circuitry
linked to S cones appears highly variable (45) suggesting that
evolutionary demands may act principally at the nanoscale of
microcircuitry. Molecular profiling studies show that cell types in
macaque retina can be mapped onto counterparts in humans (46,
47); yet, such studies do not address the question of how synaptic
connectivity may be modified across closely related species (48).
Thus, our goal here was to apply connectomic reconstruction
methods to directly determine the nature of the S cone circuits in
both human and marmoset foveal retina, applying identical meth-
ods to those previously used to analyze macaque monkey fovea
(26, 30, 31, 49). We discover the presence of a distinctive S-OFF
pathway in the human retina while also demonstrating its absence
in marmosets. Moreover, in humans, both S-ON and S-OFF cir-
cuits deviate from the canonical wiring scheme to draw input from
L and M cones. Because small differences in retinal wiring can
shift the spectral tuning of color opponent cells (31), these ana-
tomical results predict that early-stage chromatic signals in primate
visual system will show species specificity. The results further imply
that macaque retinal circuitry does not provide a full accounting
for the initial stages of human color vision.

Results

Identification of S Cones in the Human and Marmoset Central
Retina. Marmoset, human, and a previously studied macaque
(31) retinal volume were derived from a comparable central retinal
location within 1 to 2 degrees of the foveal center. The imaged
volumes extended from the layer of pedicles and their axons
(SI Appendix, Fig. S1 A and B, Top, Henle fiber layer or HFL)
to the ganglion cell layer (87 Appendix, Fig. S1 A and B, Bottom,
ganglion cell layer or GCL). Previous immunohistochemical
studies in humans (50), macaques (51), marmosets (52), and other
primate species (53) have established the relative sparseness of the
S cone population (<10%) at the fovea. It is also known that in the
central retina of marmosets (39, 54) and macaques (30, 31), S cone
pedicles are smaller than LM cone pedicles. Thus, we first surveyed
all cones in our marmoset volume and tentatively identified the
S cone pedicles by size alone (Fig.14 and SI Appendix, Fig. S1D).
We then reconstructed the neurons postsynaptic to these putative
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S cones. A clear population of likely S cone pedicles was not
conspicuous in the human retina (Fig. 24 and SI Appendix,
Fig. S1C), and previous electron microscopic evidence suggested
that they may be variable in size and morphology (38, 55). In
our human volume, we thus made full-circuit reconstructions to
identify S cones.

In macaque monkey retina, the major S-ON pathway originates
with the blue cone bipolar cell (BB) (28, 56-58). Typically, the
dendritic terminals from one to two BB cells converge on an
S cone and occupy the invaginating central positions at every rib-
bon synapse (26, 31). The BB cell is in turn presynaptic to a
distinctive ganglion cell type, referred to as the small bistratified
cell (31, 33). By contrast, for the LM cones, the primary ON
pathway arises from an invaginating midget bipolar type (IMB)
and its postsynaptic partner, the midget ganglion cell; near the
fovea, this pathway creates a one-to-one (“private-line”) connec-
tion from cone to midget bipolar to midget ganglion cell (49).
Both the BB and IMB pathways have been identified in marmoset
and human retina (27, 40, 59—65). These features allowed us to
identify (66) each S cone in both our marmoset and human retinal
volumes. The identities based on these morphological criteria are
supported by principal component analysis and unsupervised
classification using measured parameters from the human and
macaque and marmoset volumes (S/ Appendix, Fig. S3 C-E).

Morphology of the Marmoset S-ON Circuit. Marmoset S cone
pedicles can be distinguished from those of neighboring LM cones
not only by their relatively small size [Fig. 14; LM pedicle diam
(um), 9.4 + 0.7, n = 105 S pedicle diam (um), 6.1 + 0.4, n = 9;
see also figure 8 in Lee and Griinert, 2007 (54)], but also by the
presence of fewer synaptic ribbons [Fig. 1B8; LM cones: mean + SD
=23.76 + 1.71, n = 45; S cones: mean + SD = 12.33 + 1.00, n =
9; see also Puller et. al., 2007 (67)] and the absence of telodendria
and pedicle-to-pedicle contact [presumed gap junction loci (34,
68)] with surrounding LM cones. By contrast, the LM pedicles
each give rise to one or two fine diameter telodendria (Fig. 14,
arrows, S Appendix, Fig. S2 A-D) that contact either the pedicle
body or the telodendritic tips of neighboring cones (LM cone—
cone contact: mean = SD = 2.44 + 0.97, n = 45). A cluster of six
completely reconstructed cone pedicles from the marmoset volume
(Fig. 14) illustrates these distinguishing morphological features of the
S cone pedicle. We could identify 9 out of 145 cones in marmosets as
S cones (-6%) by their morphology and connectivity. The irregular,
patchy distribution (S Appendix, Fig. S3B) and the percentage of S
cones are a close match to previous immunolabeling studies (52).
We reconstructed all bipolar cells that formed invaginating cen-
tral elements at the synaptic triads of all 13 presynaptic ribbons for
one S cone (Fig. 1B, blue processes, red arrowheads). Three invag-
inating bipolar cells selectively target this S cone and give rise to
all the central elements for this pedicle (Fig. 1 Cand D); additional
dendrites either extend to contact other S cone pedicles or end
blindly in the outer plexiform layer (OPL). Each of the three bipo-
lar cells has an axon terminal that terminates near the inner border
of the inner plexiform layer (IPL; S5) (Fig. 1 C and E) following
previous descriptions of Dil-labeled and immunolabeled BBs in
both macaque (28, 30, 33, 57) and marmoset (69, 70) retina. The
axon terminals enwrap and make multiple synaptic contacts with
the inner dendritic tree of a morphologically distinct ganglion cell
with dendrites that stratify near the inner border of the IPL (S4-5)
and also extend branches to the outer border of the IPL (S1-2).
‘The ganglion cell corresponds in dendritic morphology to the small
bistratified ganglion cell (SBGC) type previously described in both
marmoset and macaque retina (25, 27, 41, 59, 71, 72). Taken
together, these features confirm the pedicle’s identity as an S cone
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Fig. 1. Identification of the S-cone pathway in marmoset retina. (A) Volume reconstructions of a cluster of 6 cone pedicles in parafoveal retina (~300 ym
eccentricity). The view is toward the outer retina directed at the pedicle synaptic face. One of the 6 pedicles shown (S cone 7, purple, white asterisk, at center of the
pedicle cluster) is notably smaller in diameter than the surrounding cones (LM cones, yellow to brown). The LM cone pedicles in the cluster were interconnected
by a few, fine-diameter telodendria (arrows; see also S/ Appendlix, Fig. S2 A-D). (B) Single-layer SEM image shows a section through the S cone pedicle marked
with the white asterisk in A. All central elements (located opposite to synaptic ribbons, red arrowheads) arose from a morphologically distinct BB cell; flat and
invaginating midget bipolar connections were lacking. (C) Complete reconstruction of a single Blue cone bipolar (BB) circuit. The BB cell (medium blue) densely
contacts the S cone and projects an axon to the inner border of the IPL where it makes predominant synaptic output to a small bistratified ganglion cell type
(SBGC, purple). (D) Rotated and zoomed inset shows that S cone 7 was targeted by two additional BB cells (BB 2 and BB 3). BBs 1 to 3 accounted for all central
elements at the S cone pedicle (synaptic ribbon positions indicated by the red balls). (£) Rotated and zoomed view of the BB 1 to SBGC projection shows the
intimate enwrapping of the BB 1 cell axon terminal with the SBGC inner dendrites.

and the bipolar identity as BB cells conveying S-ON signals to the ~ to BB cell-SBGC circuitry. Examples of the BB circuit motif, and
inner retina. comparison with connections of LM cones, are shown in Figs. 2

and 3. Once a human S cone pedicle had been identified by its
Convergent S and LM Cone Connectivity of the Human S-ON BB connection (Fig. 2 A-C), it could also be distinguished from
Circuit. The first unusual feature of the human cone pedicles in our ~ neighboring LM cones by synaptic ribbon numbers (Fig. 2B,
volume is that 2// pedicles were connected by telodendritic processes LM cones: mean + SD = 25.76 + 3.14, n = 45; S cones: mean +
(Fig. 24 and SI Appendix, Fig. S2 E-I). Similar observations were SD = 17.71 + 2.64, n = 17). Moreover, all S cones are linked to
made in previous studies of human retina (38, 55, 73), implying  their LM cone neighbors by telodendritic contacts (Figs. 24 and
that in humans unlike in nonhuman primates, the S cones form 7 and ST Appendix, Fig. S2 E-I) via the pedicle body (S Appendix,
electrical junctions with LM cones. To unequivocally identify the  Fig. S2F) and/or the telodendritic tips (S/ Appendix, Fig. S2 G and H)

human S cones, we therefore had to first show each was presynaptic ~ of neighboring cones (S-LM cone—cone contact: mean + SD = 4.12
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Fig. 2. Identification of the S-cone, blue cone bipolar synaptic pathway in human retina with mixed cone-type connectivity. (A) Volume reconstructions of a
cluster of 5 cone pedicles in parafoveal retina (~500 pm retinal eccentricity). The view is toward the outer retina directed at the pedicle synaptic face. Two of
the 5 pedicles shown were identified as S cones (S cones 5 and 92, purple) by their postsynaptic connectivity. All cone pedicles (LM cones, yellow to brown),
including the S cones, were linked to their neighbors by distinctive telodendritic contacts (arrows, red arrowheads) extending from the pedicle base. The cone
axons extend vertically downward beyond this image. (B, Left) a section through the S cone marked with the red asterisk in A illustrates a blue cone bipolar
(BB) dendrite terminating as a central element (red arrowhead points to synaptic ribbon). The flat midget bipolar (FMB, teal) is also shown along with part of
its Landolt's club (white arrowhead). A putative site of S-LM cone gap junction is indicated by the open white arrowhead. The complete reconstruction of this
blue cone bipolar cell is shown in (C-£). (B, Right) example of the same BB cell (blue) as in the Left panel forming an invaginating central element at a synaptic
triad (arrowhead) of LM cone 24; a comparable central element arising from an invaginating midget bipolar (asterisk) is also indicated. (C) The BB cell (light blue)
densely contacts the S cone and projects an axon to the inner border of the IPL where it makes predominant synaptic output to a small bistratified ganglion cell
type (SBGC, purple). (D) A rotated and zoomed view of panel (C) (Top) shows that this BB (BB 1) cell not only makes dense contact with S cone pedicle 5 but also
makes sparse invaginating contacts (red arrowheads) with neighboring LM cone pedicles 24 and 3. (E) A rotated and zoomed view of the BB to SBGC projection
shows the intimate enwrapping of the BB cell axon terminal with the SBGC inner dendrites.

+ 1.36, n = 17; LM-LM cone—cone contact: mean + SD = 8.11 +
1.85, n =45). Using this approach, we identified 16 out of 195 cones
in human as S cones (-8%) in our volume (87 Appendix, Fig. S34).

A second distinctive feature of the human S cone circuitry was
the promiscuous connectivity of the BB cell. The canonical BB
cell in both macaques and marmosets shows cone type selectivity:
Dendrites bypass LM cones to seek and collect input from mul-
tiple widely spaced S cones. Selective targeting of S cones is also
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found in mouse (74), ground squirrel (75), and rabbit (76) retina,
suggesting that this synaptic motif reflects the ancestral mamma-
lian pattern. In the human retina, the BB cell also densely contacts
S cones and can project dendrites long distances to target multiple
S cones. But in contrast to marmoset and macaque BB cells, the
human BB cell is also consistently postsynaptic to the LM cones
which neighbor the primary S-cone target (Fig. 2 B, Right, Figs. 2
C and D and 7C; percent synaptic input: from S cone, mean +

pnas.org
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Fig. 3. The LM cone, inner-ON midget pathway in human retina is distinct from the blue cone bipolar pathway. (A) At Left is another view of the BB bipolar
dendritic arbor shown in Fig. 2 (C and D). The pedicles of LM cones 24 and 3 and S cone 5 are shown in partial transparency and red balls show presynaptic ribbons
targeting this BB cell. The BB cell makes dense contacts with the S cone pedicle (18 synaptic contacts as central elements) and sparse contact with the neighboring
LM cones (3 central elements indicated by the red arrowheads). At Right, two additional LM cone pedicles (LM cones 1 and 9) and the dendritic arbors of two
IMB cells (IMB 1 and 9) forming private-line connections with these pedicles are shown. (B) Complete reconstruction of the inner-ON midget circuit for each of
the two LM cones shown on the Right in (A) (view is rotated). Each of the IMBs (IMBs 1 and 9) forms an axonal arbor that provides most of its synaptic output to a
single inner midget ganglion cell (IMGC). (C) Zoomed and rotated views showing dendritic invaginations into the synaptic face of each pedicle and the single-cone
connections of the IMB cells. (D) Zoomed view of the links between the two IMB axon terminals (yellow and orange) and the small dendritic tree of the IMGC.

SD = 87.92 + 9.04; from LM cone, mean + SD = 12.08 + 9.04,
n = 14). The BB contacts appear as central elements at the LM
cone synaptic ribbon (Fig. 2 B, Right). By contrast to the BB cells,
the human IMB cells tend to restrict dendritic terminals to single
LM cones (Fig. 3 A and C; percent synaptic input: from LM cone,
mean + SD = 97.98 + 6.70; from neighboring LM cone, mean +
SD =2.02+6.70,n=11; 10 of 11 reconstructed IMB cells were
completely private).

PNAS 2023 Vol.120 No.18 2300545120

The axonal projection of human BB cells terminates near the
inner border of the IPL and as expected synapses densely with the
SBGC type (27) (Fig. 2 Cand E; percent synaptic input: mean +
SD =80.16 + 9.53, n = 3). By contrast, the human IMB cells form
small, globular axon terminals that extend vertically through most
of the inner half of the IPL (Fig. 3 B and D) (S3-5) where they
contact inner-ON midget ganglion cells. Inner-ON midget gan-
glion cells form a small cluster of terminal dendrites that enwrap

https://doi.org/10.1073/pnas.2300545120 5 of 12



and receive almost all ribbon synaptic input from ON midget

bipolar cells (Fig. 3 B and D).

The Private-Line Midget Circuit Is Absent at Marmoset S Cones.
Light microscopic immunolabeling suggested that marmoset S cones
lacked an output to an FMB type (39), which was surprising given
the clear identification of this pathway in the macaque monkey
(30, 31). We thus sought to substantiate or refute the previous
light microscopic result at the EM level. As shown in Fig. 1, relative
to the S cone pedicles, marmoset LM pedicles are much larger,
contain nearly twice as many synaptic ribbons, and give rise to 1 or 2
narrow telodendritic extensions that interconnect LM cones (Fig. 4
Aand B). Both IMB and FMB types make extensive contact with a
single LM pedicle to initiate private-line pathways (Fig. 4B). Both
midget bipolar types show one thick primary dendrite that extends
to the base of the pedicle before dividing into many fine terminal

branches. The FMB terminals tend to encircle the IMB terminals
and contact the pedicle base near the synaptic triad. The axonal
arbors of the IMB and FMB cells terminate broadly across the
inner and outer ~40% of the IPL (Fig. 4B; S1-2; S4-5), respectively.
Each bipolar terminal arbor forms a large globular mass with little
branching. Inner-ON and outer-OFF midget ganglion cells form
small finely branched dendritic arbors that enwrap the IMB and
FMB axon terminals, respectively (Fig. 4 C and D). Both midget
bipolar types rarely made synaptic output to other ganglion cells,
and midget ganglion cells received most of their bipolar input from
their primary midget bipolar partners, completing the intraretinal
private-line pathway.

To determine whether such a flat midget bipolar (or other
S-selective OFF bipolar type) was present in marmosets, we recon-
structed all processes contacting a single S cone pedicle (S cone
7; Fig. 5A) to their cells of origin. We found a large number of
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Fig. 4. Reconstruction of the private-line midget circuit in the marmoset: LM cones possess both outer-OFF and inner-ON circuits. (A) An LM cone pedicle (yellow
at top) is selectively presynaptic to a single invaginating midget bipolar (IMB; gold) and a single flat midget bipolar (FMB; teal) cell. These bipolar cells connect to
single inner-ON (green) and outer-OFF (red) midget ganglion cells. (B) Zoomed and rotated views of the IMB and FMB dendritic terminations at the cone pedicle
synaptic face (ribbons are indicated as red balls, scaled to approximately match actual ribbon size). The IMB dendrites form central elements in the synaptic triad,
whereas the FMB dendrites make flat contacts with the pedicle base. Note marmoset LM cones give rise to only few and very fine telodendria, indicated by the
arrows. (C and D) Zoomed and rotated views of the contact from the IMB to an inner midget ganglion cell (C) and from the FMB to an outer midget ganglion cell (D).
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flat contacts at the pedicle surface, but they arose from either BB
cells (Fig. 1), H1 and H2 horizontal cells (Fig. 5 B-E), or from
multiple nonmidget, i.e., diffuse bipolar (DB) cell types (Fig. 54
and ST Appendix, Figs. S4-S7). By completely reconstructing the
DB cells, we were able to identify seven cells and sort them into
three inner-stratifying, presumed ON-bipolar types (5 cells) and
one outer stratifying, presumed OFF bipolar type (2 cells) (Fig. 54
and S Appendix, Figs. S$4-57). To date, four OFF DB types (DB,
DB2, DB3a, and DB3b) and four ON types (DB4, DB5, DB6,
and Giant bipolar) are recognized (28, 77). Within our small
sample, we did not attempt to type every reconstructed DB cell
and here distinguish them as DB 2/3 (OFF type) and DB4/5 (ON
types) along with a Giant bipolar (GB). Each of the seven DB
cells made only very sparse contacts with the pedicle (mean of 2.4
flat synaptic contacts/DB cell) (ST Appendix, Figs. S4-S7). We

reconstructed all bipolar cells in contact with two additional

A

H2 synaptic contacts
(yellow balls)

"
H1 horizontal cell
(orange)

H1 synaptic contacts
(green balls)

S cones and also identified bipolar cell contacts with the other 5
complete S cones in our volume and never observed midget bipo-
lar contacts to any S cone. In sum, our volume reconstructions
confirm and extend previous evidence that marmoset retina lacks
an S cone connecting FMB circuit. Moreover, we found that the
great majority of synaptic contacts with bipolar cells were directed

to ON-bipolar pathways (either BBs or inner-DBs 4/5) (54).

Identification of a Noncanonical Human S-OFF Midget Circuit.
In macaque central retina, multiple EM reconstruction studies
(30, 31, 35) (S] Appendix, Fig. S10) found that each S cone pedicle
made a strict private line connection with an individual FMB
(hereinafter S-FMB). These S-FMBs in turn established a private-
line output to a single, presumed S-OFF midget ganglion cell.
Here, we show that in human retina, an FMB cell is clearly present
at each S cone, but that these S-FMBs lack the canonical private

S cone 7

H2 synaptic contacts
/ (vellow balls)

H1 horizontal cell
« (orange)

(blue)

Fig. 5. Marmoset S cones lack an OFF-midget circuit. (A) S cone 7 sparsely contacted seven diffuse bipolar (DB) cells in addition to the three BB cells shown in
Fig. 1; each DB cell is shown in a different color (further details about the DB types shown are given in S/ Appendix, Figs. S4-S7). (B) S cone 7 was also contacted
by both H1 (5 cells) and H2 (1 cell) horizontal cell types; one of the H1 cells and the H2 cell are shown in vertical view (green and yellow balls represent cone
ribbon synapses contacted by either an H1 or H2 lateral element, respectively). (C) Single-layer SEM image through S cone pedicle 7 shows the processes of cells
contacting this S cone, including H1 and H2 horizontal cells, blue-cone (BB) bipolar cells, and a diversity of diffuse (DB) bipolar types. No flat midget bipolars were
seen at this or other S cones in this volume. (D and E) Examples of the same H1 cell (orange) and H2 cell (blue) shown in (B) that made numerous contacts with
this S cone in horizontal view (direction from outer to inner retina). H2 cells (9 lateral element contacts with S cone 7; blue balls) are larger and more sparsely

branching than the compact H1 cells (7 lateral element contacts; green balls).
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line configuration, combining input from both LM and S cones
(Fig. 6). First, similar to BB cells, human S-FMB cells extended
multiple dendritic branches to make contacts with neighboring LM
cones (Figs. 6 A and B and 7C; percent synaptic input; from LM
cone, mean + SD =21.64 + 4.13; from S cone, mean + SD =78.36
+4.13, n = 5). Second, the ganglion cells that were postsynaptic
to the S-FMB cells also received a significant convergent synaptic
input from a second LM cone-connected to an FMB cell (Figs. 6
Aand D and 7C; percent synaptic input: from LM-FMB, mean +

A

Human

FMB %
dendritic arbor |
L]

OPL

flat midget bipolar 13

M
cone 24

(FMB 13, teal) c

A
Landolt’s club

SD = 15.38 + 15.14; from S-FMB, mean + SD = 82.44 + 15.31,n
= 4). Both of these synaptic motifs predict that this S-OFF midget
pathway would show an excitatory receptive field center with
contributions from S and some combination of L and M cones.

Human OFF Midget Bipolar Cells Possess a Landolt’s Club. The
Landolt’s club is a conspicuous feature of certain bipolar cell types

in bird, reptile, and amphibian retina (78-80), where they appear
as large dendritic appendages that extend beyond the OPL to reach

17 outer midget FMB 27
ganglioncell el (yellow)
* dendrites
2
N FMB 13 axon
3 X
— terminals FMB 27 axon FMB 13
4 ¥ (teal)
5 pL
outer midget _—
ganglion cell (g’g;egli’gr;dggh
(red) dendrites
GCL

10 um

S
FMB 13

axon ;
terminal

Fig.6. Human S cones possess an OFF-midget circuit with combined S and LM input connectivity. (A) OFF midget circuit linked to the same S cone pedicle (S cone
5, purple) identified in Fig. 2 by its BB bipolar circuitry (purple). The FMB cell (teal, FMB13) dendrites densely carpet the synaptic face of the S cone pedicle and
also send single branches to three neighboring LM cones (two are visible in B). The axon terminal of this S-FMB cell contacts a single outer-OFF midget ganglion
cell (red) contributing 34 ribbon synaptic inputs. A second FMB cell (yellow, FMB 27) with a private-line connection to a neighboring LM cone (position indicated
by red arrowhead) also projects to this ganglion cell contributing an additional 16 ribbon synaptic inputs. (B) Zoomed and rotated views of the FMB dendritic
termination (teal) at the S cone pedicle. Note a Landolt’s club (black arrow) arises from the dendritic tree and terminates in the layer of cone axons. Dendritic
contacts of the FMB cell contacting S cone 5 and neighboring LM cones (indicated by the red arrowheads). Telodendria arising from LM cones 24 and 13 are
also noted (black arrows). (C) Another view of the morphology of the Landolt's club, which appears as a large accessory dendritic process (S/ Appendix, Fig. S8).
(D) Zoomed view of the axon terminals of the S cone 5 contacting FMB cell (FMB 13; teal) and the LM cone contacting FMB cell (FMB 27; yellow) that are enveloped
by the dendritic arborization of an OFF-midget ganglion cell (arrow indicates FMB axons; open arrowhead indicates axon terminal arborization; S-FMB 13 and

FMB 27 provided 68% and 32% of total bipolar synaptic input, respectively).

80f 12 https://doi.org/10.1073/pnas.2300545120

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2300545120#supplementary-materials

ON pathway

(Ah-A

OFF pathway

P
>
@ece

Macaque
\ (Wool et al., 2019)

EA-A

Macaque
(Wool et al., 2019)

>
P>
P>
@D @eed

Marmoset Marmoset

Q-0 D>@+-OD

P @-0D | @-0Pp

>

P

!

P>

9
0(04-9
(35 =

/
=

0-0¢
@@

QP
6«9 (8

Human Human

\_

Fig.7. S-conewiringin macaque, marmoset, and human retina. (A) Canonical,
or expected, S cone to bipolar to ganglion cell excitatory connections to the
receptive field center derived from previous studies of macaque retina show,
1) Lack or reduction of S cone gap junctions with neighboring LM cones (double-
headed arrows indicate cone-cone telodendritic contacts), 2) Selective S cone
input to blue cone bipolar cells (S-ON pathway; BB, thick arrow) and selective
BB input to small bistratified ganglion cells (SBGC, thick arrow) and, 3) Selective
S cone input to a flat midget bipolar cell (S-OFF pathway; S-FMB) and a private-
line connection from S-FMB to an S-OFF midget ganglion cell. ON and OFF
private-line LM cone midget circuits are also shown (IMB to ONMGC; LM-FMB to
OFFMGQ). (B) Marmoset retina (middle row) shows the canonical pattern with
the exception that the S-OFF midget pathway (S-FMB to OFFMGC) is absent.
(C) S cone circuitry is atypical in human retina. 1) Telodendritic contacts are
extensive between S and LM cones (double-headed arrows). 2) The BB (S-ON
pathway) draws additional input from neighboring LM cones (thin arrow) and
can make synaptic output to ONMGCs (dotted arrow). 3) The S-FMB (S-OFF
pathway) draws additional input from neighboring LM cones (thin black arrow)
and the LM-FMB can provide additional input to the SOFF-MGC (thin black
arrow). Implications for human color vision are considered in the Discussion.

the external limiting membrane. The Landolt’s club is absent in
mammalian retina with the exception of a single Prototherian
legg-laying mammal (81); Echidna; Tachyglossus aculeatus]; one
early study also suggested their rare presence in both human and
chimpanzee retina (82). Here, we find that Landolt's club is a
consistent feature of FMB cells in human outer retina (Fig. 6
and SI Appendix, Fig. S8). The function of the Landolts club is
unknown, but its presence may reflect the developmental history
of bipolar cells and their evolutionary origin from photoreceptors
(83). We never observed a Landolt’s club on any bipolar cells in
either macaque or marmoset retina, so it represents yet another
difference in neuronal morphology across these three primate
families. The Landolt’s club structures do not appear to make
synaptic connections and in the context of the present study, we
did not consider them further.

PNAS 2023 Vol.120 No.18 2300545120

Other Noncanonical Features of the Human S Cone Pathway.
Our focus so far has been on the ON and OFF circuits associated
with the S cone and the distinctive nature of human S cone
connectivity. We necessarily explored only a very small space
in the retinal connectome. However, other clear examples of
noncanonical circuitry were observed and remain to be studied
in detail. Most striking was the observation that the human BB
axon terminal could synapse on the dendrites of ON-midget
ganglion cells deep in the IPL (percent synaptic input: mean
+ SD = 8.05 + 7.53, n = 4). In one example, this connection
was extensive, with the BB axon supplying 21% of its ribbon
synaptic output (12 of 56 total ribbon synapses) to an ON-
midget ganglion cell which also received 19% of its excitatory
synaptic input (12 of 65 total synaptic inputs) from this BB
cell (81 Appendix, Fig. S9 and Fig. 7C). By contrast, complete
reconstruction of the BB axon terminal in macaque fovea
determined that all BB cell synaptic outputs are directed to the
SBGC (33). This result is consistent with the conclusion from
many physiological studies that in macaques and marmosets, the
LM cone midget circuit generates a pure L vs. M cone opponent
signal with no S cone contribution (15, 36, 84, 85). A similar
interaction of the LM cone ON midget circuit with the S cone
was also observed in the outer retina. We found that when LM
cones neighbored S cones, LM cone IMB cells could violate
private line connectivity and make invaginating contacts with
both LM and S cones (percent synaptic input: from neighboring
S cone, mean + SD = 6.55 + 3.94, from LM cone, mean + SD
=93.45 + 3.94; n = 5). Future studies focused on the complete
connectome of both the human S cone and BB cell are needed
to further assess these observations.

Discussion

Comparative connectomics reveals the anatomical basis for an
S-OFF channel in human vision while also demonstrating the
absence of this pathway in marmosets. Moreover, the synaptic
wiring linked to human S cones showed features not expected
based on the nonhuman primate model. We consider these syn-
aptic patterns and the implications for human color vision below.
Our assumption that anatomical ribbon synapses from cones to
bipolar cells to ganglion cells represent functional excitatory syn-
apses is well supported by extensive studies of ribbon structure

and function (86, 87).

S to LM Cone Cross talk in Human Retina. The large, clectron-
dense telodendritic cone—cone contacts that we observe (Fig. 2
A and B and SI Appendix, Fig. S2 E-I) correspond to adherent
junctions that each harbor a number of smaller gap junctions
(34, 68). The fact that S cones in macaque and marmoset retina
appear to lack telodendritic contacts is compatible with previous
findings for the blue—green cone networks in ground squirrel
retina (88). Paired cone recordings in this species show a clear
conductance between green—green cone pairs which is absent for
blue—green cone pairs (88). Gap junctional coupling between
cones, by averaging uncorrelated noise, is considered an adaptation
for improving the signal-to-noise ratio across the cone mosaic
(89, 90). The lack of coupling from S to LM cones observed in
macaques and marmosets (and other, nonprimate mammals) is
consistent with specialization of the mammalian S cone pathway
for color processing, likely reflecting a need to keep the S cone signal
separate from the LM cone signal until it can be compared at a
subsequent chromatic processing stage. Under this interpretation,
lack of S to LM cone coupling in macaques and marmosets is
consistent with high purity of excitatory S cone signals along the
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S vs. LM cone opponent pathway (91, 92). What, then, could
explain the presence of S to LM cone coupling we observe in
human retina?

We hypothesize that the human S~LM cone—cone coupling
could contribute to the early expression of noncardinal cone oppo-
nency (e.g., ref. 93). There is already evidence from macaque retina
that S cones themselves show LM cone surrounds (via horizontal
cell negative feedback) (94) and thus exhibit S vs. LM
center-surround cone opponency. If in the human retina, S and
LM cone signals are also mixed by even a modest degree of cou-
pling, the S cone would show an elevated response to longer wave-
lengths (95). Given an LM signal on both sides of the opponent
equation, any imbalance in the L vs. M weighting could give rise
to S+Lvs. M or S+M vs. L receptive fields (31, 85). Thus, initiation
of complex and noncardinal opponent signals may begin in the S
cone itself in human retina.

The S-OFF Midget Circuit: Present in Humans and Macaques but
Absent in Marmosets. Questions to the provenance and nature
of S-OFF signals in primate vision are longstanding and remain
incompletely resolved (25, 72). The very existence of S-OFF
receptive fields was questioned in early single-cell recording studies
(96, 97), which seemed to parallel the absence of a clear S-OFF
component in both the nonhuman primate (98) and human ERG
(99). Although S-OFF cells are now recognized as a consistent
functional component of subcortical vision in macaques (100,
101) and marmosets (92, 102), the contributions of S-OFF
chromatic signals to human vision remain uncertain (103). Here,
we show by connectomic reconstruction from a human fovea that
each S cone is presynaptic to an FMB cell identifying a likely first
step in the transmission of S-OFF signals to the human central
visual pathway. However, the same reconstruction method applied
to marmoset retina revealed the clear absence of associated S-FMB
cells. Our marmoset retina was acquired from a male obligatory
dichromat (expressing a single L or M photopigment in addition
to an S photopigment; (see for review, 104), and we cannot rule
out the possibility that trichromatic marmoset phenotypes could
show a different pattern of S cone connectivity. However, our
previous light microscopic immunostaining studies (39, 61) failed
to identify S-OFF-associated FMBs at multiple retinal locations in
both dichromatic male and trichromatic female marmosets. These
results suggest that the clear absence of an S-FMB in marmosets in
our data is not related to photopigment polymorphism or retinal
eccentricity.

The lack of a marmoset S-OFF midget circuit can be consid-
ered in the broader context of the layout and significance of
ON and OFF pathways in vertebrate retina. The ON vs. OFF
dichotomy is both universal across vertebrate classes (105) and
ancient in the evolution of the vertebrates (106). For several of
the parallel visual pathways in the most studied mammals, the
properties of ON and OFF components show effective mirror
symmetry. The most striking examples in marmoset, macaque,
and human retina are the ON and OFF midget and ON and
OFF parasol ganglion cells. By contrast, ON-OFF symmetry
in S cone circuits appears variable. Neither the mouse nor the
ground squirrel shows an S cone-selective OFF bipolar cell, in
common with what we find here in the marmoset retina. By
contrast, rabbit retina does possess an S-OFF bipolar pathway
(107), indicating that the marmoset does not simply reflect a
shared-derived mammalian circuit motif. Moreover, in both
rabbits and ground squirrels, amacrine pathways invert the sign
of the S-ON bipolar (107, 108) to create S-OFF cone opponent
ganglion cells (109). The answer then to why the S-OFF midget
circuit is lacking in marmoset may ultimately be explained more
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by rapid evolutionary change related to niche-specific differ-
ences in visual behavior than by phylogenetic relationships
among the mammals. For example, humans are terrestrial,
whereas marmosets are strictly arboreal, and macaque species
have intermediate lifestyles. The impact of arboreal light envi-
ronments has been studied in the context of trichromacy in
primates as an adaptation for detection of ripe fruit on a dappled
background (110, 111). Some mammalian species occupying
diverse environments may even lack or show greatly reduced
expression of S cone opsin (112, 113), but the impact of envi-
ronment and lifestyle on the circuitry downstream from the
cones themselves remains to be explored. For these and other
reasons, such observations may be required to allow sharp pre-
dictions linking photoreceptor complement and retinal circuitry
to behavior (114).

Noncanonical Wiring Suggests Distinctive Chromatic Tuning
in the Human Foveal S Cone Pathways. In macaque retina, a
single S cone provides the exclusive excitatory receptor input
to both S-ON (BB) and S-OFF (S-FMB) bipolar cells (25)
(SI Appendix, Fig. S10). This selective S cone input would
transmit a pure S cone-driven excitatory receptive field center
to downstream S-ON and S-OFF ganglion cells, which are
considered the anatomical and physiological substrates for the
“blue—yellow” axis in early-stage color processing (45, 115). By
contrast, in the human retina, both BB and FMB cells draw
excitatory input from LM as well as S cones (Figs. 2 and 6),
violating expectations derived primarily from the anatomy and
physiology of macaque monkeys (36) (Fig. 7). What do these
differences mean for human color vision? The answer may lie in
a recent study of midget ganglion cells in the peripheral retina of
macaque monkeys that receive S-OFF input (31). In the retinal
periphery, midget bipolar cells continue to derive input largely
from single cones (116, 117), but the enlarged dendritic trees of
midget ganglion cells draw converging input from many midget
bipolar cells (61, 85, 118, 119). S-OFF midget ganglion cells
in the retinal periphery showed complex chromatic responses
combining S cone input with L vs. M opponency (31, see also
ref. 120) (e.g., LON vs. M+S OFF or MON vs. L+SOFF). Thus,
an imbalance of L and M cone OFF input to the receptive field
center vs. surround produces an L vs. M opponent receptive field
(84, 85). The sparse S-FMB cell provides an additional S cone
input to the receptive field center to shift chromatic tuning away
from the canonical L vs. M cardinal axis. In the present study,
the convergence of S, L, and M cone inputs in the human retina
is distinct in that it occurs at the first synapse between cones and
bipolar cells, and in the foveal retina where chromatic circuits
are the most well developed (31, 84, 85). In addition, in the
human fovea, S-OFF midget ganglion cells begin to sum input
from both S and LM cone-connected midget bipolar cells (see
Fig. 6 for an example), similar to what has been observed only
in the retinal periphery in the macaque retina (30, 31, 35). Our
results predict that the addition of LM signals to both S-ON and
S-OFF receptive field center (given the opponent LM surround)
would produce complex, noncardinal cone opponency similar
to that observed in macaque peripheral retina. Such deviations
from the cardinal S vs. L+M and L vs. M chromatic axes have
been described repeatedly in psychophysical studies of human
color vision (23, 93, 121-123) and are customarily attributed
to higher-order (i.e., cortical) mechanisms that recombine
signals from the cardinal axes emerging from retinal circuitry
(17, 19, 124). Evidence for such recombination in macaque
monkeys has been provided for both primary visual cortex (24)
and cortical area V4 (125, 126). Our results suggest that for
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humans, variation in synaptic connectivity could impact spectral
tuning of chromatic pathways (127) even at the first synapse in
the visual system.

Materials and Methods

The methods for human, macaque, and marmoset tissue acquisition and serial
block-face scanning electron microscopy sample preparation, image acquisi-
tion, circuit reconstruction, and statistical analyses are described in S/ Appendix,
Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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