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The detection of motion direction is a fundamental visual function and a classic model for
neural computation’-2. In the non-primate mammalian retina, direction selectivity arises in
starburst amacrine cell (SAC) dendrites, which provide selective inhibition to ON and ON-
OFF direction selective retinal ganglion cells (dsRGCs)34. While SACs are present in
primates?®, their connectivity is unknown and the existence of primate dsRGCs remains an
open question. Here we present a connectomic reconstruction of the primate ON SAC
circuit from a serial electron microscopy volume of macaque central retina. We show that
the structural basis for the SAC’s ability to compute and confer directional selectivity on
post-synaptic RGCs® is conserved in primates and that SACs selectively target a single
ganglion cell type, a candidate homolog to the mammalian ON-sustained dsRGCs that
project to the accessory optic system and contribute to gaze-stabilizing reflexes”8. These
results indicate that the capacity to compute motion direction is present in the retina, far
earlier in the primate visual system than classically thought, and they shed light on the
distinguishing features of primate motion processing by revealing the extent to which
ancestral motion circuits are conserved.

Neurons responding preferentially to motion in specific directions are found across species and
throughout the visual system'2. The underlying mechanisms have been extensively studied in
ON and ON-OFF dsRGCs of the non-primate mammalian retina®. Each consists of multiple
subtypes preferring motion in different directions'®. Their direction selectivity begins with SACs,
radially-symmetric interneurons present in every mammalian retina studied to date>''. SAC
dendrites operate independently, computing outward motion from the soma'? and providing
selective GABAergic inhibition to dsRGC subtypes preferring motion in the opposite direction34.

The intensive study of direction selective retinal circuits has yielded significant insight into
the general principles of neuronal computation', yet the direct applications to primate vision are
unclear. Despite being a standard feature in the early visual systems of other species, direction
selectivity has yet to be demonstrated in the primate retina. Several lines of evidence indicate
some retinal capacity to compute motion direction may be conserved'®-15, yet primate dsRGCs
remain elusive. As such, a classic interpretation is that the expanded primate cortex replaced the
need for retinal direction selectivity and the other highly-specialized computations found in non-
primate retinal ganglion cells (RGCs)'6.17. Alternatively, the absence of primate dsRGCs from the
literature could reflect a sampling bias. The primate retina is dominated by three RGC types and
the rarity of the other ~15 anatomically-defined types severely limits the possibility of identifying
dsRGCs with the electrophysiology approaches used in other species®'8. Thus, the underlying
question is not only whether primate dsRGCs exist, but also how to find them.
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An alternative strategy is to identify candidate dsRGCs from the neurons post-synaptic to
SACs. However, this approach is currently limited by a lack of information on primate SAC
circuitry. Here we use serial block-face scanning electron microscopy and connectomics’ to fill
this gap in knowledge and determine the extent to which the mammalian retinal direction
selectivity circuitry is conserved in primates.

Connectomic Reconstruction of ON SACs

We reconstructed a population of 8 ON SACs from a 220 x 220 x 170 um volume of macaque
central retina (~1.5 mm inferior to the fovea) sectioned horizontally at 90 nm and imaged at 7.5
nm/pixel (see Methods)2°. The volume spanned from the photoreceptor outer segments to the
ganglion cell layer, enabling 3D reconstruction of complete retinal circuits while maintaining the
resolution necessary to identify synapses. Each reconstructed ON SAC exhibited the stereotyped
morphological features and stratification described across species (Fig. 1)5. We focused on the
ON SACs because primate OFF SACs are nearly absent from the fovea and outnumbered 10:1
by ON SACs in the periphery52'. Consistent with previous reports of primate SACs, the dendritic
fields in Fig. 1 are sparse compared to non-primate SACs, both in branching density and coverage
factors.

Direction selectivity in dsRGCs depends critically on SACs''. To determine whether
primate ON SACs are well-suited to play a similar role, we investigated the structural basis for
two features essential to this role: centrifugal motion tuning and asymmetric inhibition of post-
synaptic neurons®. SACs are ideal for connectomic analysis as decades of careful study in other
species has detailed the incredibly precise relationships between their anatomy, physiology and
functioné. We began with the SACs’ selectivity for outward motion, which is supported by cell-
intrinsic mechanisms (morphology and radial synapse distribution®223) and amplified by circuit-
level mechanisms (temporally-diverse excitatory bipolar cell input?#?® and SAC-SAC lateral
inhibition)26-27, While the relative contributions of these and other mechanisms remains an active
area of investigation?8, together they provide a solid blueprint to begin our connectomic
investigation. If primate SACs confer direction selectivity on downstream RGCs, we expect to find
evidence for these mechanisms.

We first asked whether the proximal-distal synaptic gradient supporting direction
selectivity in mammalian SAC dendrites is also present in primates. As expected, the SACs’
output synapses were confined to varicosities on the distal dendrites while bipolar cell input was
located closer to the soma, often at the small spines extending from the thin proximal dendrites
(Fig. 1d-f). This distribution of excitatory input and synaptic output, combined with the SAC’s
characteristic morphology, is critical for centrifugal motion tuning?2>23.

SACs receive the majority of their inhibitory input from neighboring SACs??> and the
resulting lateral inhibition reduces sensitivity to inward motion2627. We were able to reliably
classified the pre-synaptic amacrine cells as SACs or non-SACs for 54 of 63 inhibitory synaptic
inputs to the SAC in Fig. 1e and confirm that 60.38% came from other ON SACs. Interestingly,
the exact location of inhibitory input along each SAC dendrite varies between species and is
hypothesized to scale with eye size to preserve angular velocity tuning®?. SACs in species with
larger eyes have greater inter-soma distances and receive inhibition from other SACs more
distally. The macaque eye size of 200 um/degree of visual angle?® is consistent with the low SAC
coverage factor® and our observed bias of inhibitory synaptic input to the distal dendrites (Fig. 1a,
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90 1e-f). These results demonstrate SAC-SAC lateral inhibition is present in primates and positioned
91 to compute a behaviorally-relevant measure of motion direction.
92 Lastly, we investigated the “space-time wiring” hypothesis?4, which proposes that
93  sustained bipolar cell input is located closer to the soma than transient bipolar cell input. The
94  resulting temporally-diverse excitation sums for centrifugal, but not centripetal, motion2+25;
95 although this mechanism remains controversial®2223, We reconstructed the axon terminals of
96 presynaptic bipolar cells and classified each as either ON midget, DB4 diffuse, or DB5 diffuse
97 (Fig. 2a, 2d-f). The “space-time wiring” hypothesis predicts that midget bipolar cells will be closest
98 to the soma as their responses are more sustained than diffuse bipolar cells®®. To test this
99 prediction, we calculated the radial distance from the SAC’s soma to each bipolar cell synaptic
100 input. Indeed, ON midget bipolar cells were significantly closer to the soma than the diffuse bipolar
101 cells (Fig. 2b-c). However, the underlying distributions show substantial overlap between the two
102  groups. Thus, our results mirror those in other species — while we find evidence for space-time
103  wiring, the overall efficacy could be reduced by the lack of spatial segregation between bipolar
104  cell types?2.
105 Taken together, our investigation of the structure and synaptic input to ON SACs revealed
106  that multiple mechanisms contributing to centrifugal motion tuning in mammalian SACs are
107  conserved in primates. However, the SAC’s ability to confer direction selectivity depends not only
108 on their responses to outward motion, but also their selective wiring with specific dsRGC
109 subtypes. To address this, we next asked which RGCs were post-synaptic to the ON SACs and
110  whether they received asymmetric SAC inhibition.
111
112  SAC Synaptic Output to RGCs
113  SAC output synapses have a highly distinctive ultrastructure with large synaptic contacts where
114  the SAC’s processes completely engulf the postsynaptic dendrite321.3031, We frequently observed
115  these stereotyped "wrap-around” synapses at the varicosities of distal SAC dendrites (Fig. 3b).
116  We mapped each output synapse, then reconstructed and classified the postsynaptic neurons
117  (Fig. 3a). As expected, the SACs’ output targeted other SACs and non-SAC amacrine cells, but
118  rarely bipolar cells. Crucially, RGCs received the majority of the SACs’ output.
119 Amazingly, we found the ON SAC’s synaptic output targeted a single RGC type with
120  striking selectivity (Fig. 3f). The RGC’s morphology matches the recursive monostratified RGC
121 (rmRGC), a rarely-encountered neuron described only in the largest anatomical surveys of
122  primate RGCs'832. Although the rmRGC’s physiology and connectivity are unknown, a role in
123  direction selectivity has been proposed before on the basis of their strong resemblance to the
124 highly stereotyped morphology of ON-sustained dsRGCs in other vertebrates®3-35. The recursive,
125 looping branching pattern that ON dsRGCs share with rmRGCs is attributed to their co-
126  fasciculation with the SAC plexus®®37. We observed similar co-stratification and co-fasciculation
127  between the rmRGC and ON SACs (Fig. 3d-e).
128 Because each SAC dendrite is independently tuned to outward motion, the directionality
129  of SAC inhibition can be predicted from the angle of the vector between the soma and each output
130 synapse33'.3839 To estimate the rmRGC's direction selectivity, we calculated this for 135 of the
131 rmRGC’s conventional synaptic inputs where a presynaptic SAC could be sufficiently
132  reconstructed (Fig. 3g). Because the SAC’s output is inhibitory, the rmRGC is predicted to prefer
133  motion in the opposite direction of the strong bias shown in Fig. 3h. The distribution of dendritic
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134  angles was highly non-uniform (p < 0.0001; Rayleigh test), indicating the asymmetric SAC
135 inhibition necessary for direction selectivity is present.

136 To confirm our findings, we next searched for additional rmRGCs. The dendritic fields of
137  ON dsRGCs tuned to the same direction tile while those tuned to different directions overlap3940,
138  predicting additional rmRGCs should be present within the first rmRGC’s dendritic field. Indeed,
139 we found additional rmRGCs, both in the first volume taken from the inferior retina and in a
140 separate volume of central nasal retina, each exhibiting the same characteristic morphology,
141  stratification and stereotyped SAC input (Fig. 3i, S1). The dendrites of overlapping rmRGCs were
142  often directly adjacent, consistent with mammalian ON dsRGCs’ cofasciculation with each other
143 and the ON SAC plexus®®40 (Fig. 3i-j). Moreover, puncta adherens were frequently observed
144  between adjacent rmRGC dendrites, a unique feature previously reported in rabbit ON dsRGCs2°
145 (Fig. S2).

146 While the other rmRGCs’ proximity to the volume’s edge prevented an unbiased dendritic
147  angle analysis, we did observe a striking trend: the SAC dendrites providing input to the first
148 rmRGC rarely, if ever, synapsed on the second rmRGC in Fig. 3], despite frequently being in
149  close proximity. For example, the SAC in Fig. 3e synapsed on the first rmRGC 40 times, but only
150 three times on the second rmRGC (Fig. S3). These results are consistent with the hypothesis that
151  the overlapping rmRGCs prefer movement in different directions and supports asymmetric
152  inhibition from SACs as an underlying mechanism for their distinct directional tuning. Taken
153  together, the rmRGC'’s structure and circuitry is consistent with ON dsRGCs in other species.
154

155  Retinal Input to the AOS

156  Like SACs, ON dsRGCs play a fundamental and highly conserved role in vision*'. From mice and
157  rabbits to turtles and birds, ON dsRGCs share not only the characteristic morphology shown in
158  Fig. 3¢, but also projections to the AOS, which coordinates with the vestibular system to stabilize
159  gaze with the optokinetic reflex34354243, As in other species, neurons in the primate AOS exhibit
160  similar response properties to ON dsRGCs#?>#4 and receive direct retinal input*®, yet the specific
161 RGC types are unknown. Previous retrograde tracer injections to the nucleus of the optic tract
162  and dorsal terminal nucleus (NOT-DTN) complex of the AOS revealed input from two RGC types,
163 one resembling the rmRGC#; however, incompletely-filled dendritic fields prevented
164  unambiguous classification. We repeated this experiment with the goal of targeting individual
165 RGCs for detailed morphological characterization and comparison to our reconstructions.

166 We injected the retrograde tracer rhodamine dextran into the NOT-DTN#7, which was
167 located by identifying neurons with characteristic response properties, including direction
168  selectivity during horizontal smooth pursuit (Fig. 4a, S4a). Further confirmation was obtained with
169  post-mortem histology (Fig. S4b). Retrogradely-labeled RGCs were identified in an ex vivo
170  flatmount preparation by clumps of rhodamine fluorescence within their soma (Fig. 4b) and filled
171 with fluorescent dye to reveal their dendritic field structure (Fig. 4c-d, S5). All were rare wide-field
172 RGCs and a subset exhibited the characteristic curving dendrites that are hallmarks of both
173 rmRGCs and ON dsRGCs, confirming the NOT-DTN of the AOS receives direct rmRGC input.
174

175 Discussion

176  Here, we identified a likely homolog to the ON dsRGC, establishing an anatomically-conserved
177  circuit from SACs to the AOS for the gaze-stabilizing, compensatory eye movements essential for
178  visually-guided navigation*?. Past research on the primate AOS has largely focused on the role
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179  of cortical feedback; however, recent studies on human congenital nystagmus suggest a direct
180 retinal contribution involving GABAergic signaling by SACs'31448_ Until now, the RGCs linking
181  SACs to the AOS were unknown.

182 We estimate that rmRGCs make up ~1% of all RGCs in the central retina. This rarity likely
183  reflects their large dendritic fields (Fig. S6) rather than their importance in vision. The low density
184  of rmRGCs undoubtedly creates a challenging sampling bias that could explain their absence in
185  surveys recording from single RGCs with microelectrodes or relatively small patches of peripheral
186  retina with multielectrode arrays. Although follow-up physiological studies guided by our results
187  will be important, waiting for these experiments to become feasible delays essential insights into
188  primate vision. Here we demonstrate that connectomics — a technique best known for large-scale
189  dense reconstructions?+3%4° — can also be utilized for focused, hypothesis-driven questions about
190 otherwise intractable neural circuits'® with implications for human health and disease314.48.

191 Interestingly, we did not observe SAC input to a ON-OFF dsRGC homolog, although we
192  cannot rule out the possibility that they are present in the peripheral retina where OFF SAC density
193 increases. However, the central retina mediates most conscious vision, indicating any ON-OFF
194  dsRGC homolog confined to the periphery would be best suited for non-image-forming vision and
195 independent of the cortical direction selectivity underlying motion perception®°.

196 This work underscores the benefits of bridging primate and non-primate research'®. The
197  SAC and rmRGC join a growing list of primate retinal neurons, like the intrinsically photosensitive
198 RGCs, that are understood only through prior research in non-primate species. The strong
199  correspondence between rmRGCs and ON dsRGCs raises the intriguing possibility that other
200 rare primate RGCs with unknown functions may have well-studied non-primate counterparts.
201 More generally, this challenges a widely-held view that the computational goals of the primate
202  retina are unique from other species and maximize information transmission to the cortex rather
203 than extraction of meaningful visual features, such as motion direction.


https://doi.org/10.1101/2021.07.21.453225
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.21.453225; this version posted July 22, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

204  Acknowledgements

205 We are grateful to James Kuchenbecker and James Anderson for IT support, Andrea Bordt and
206 Rebecca Girresch for annotation assistance and Chris Chen and Michelle Giarmarco for
207  assistance with tissue preparation. We also thank Shellee Cunnington, Ed Parker and Jessica
208 Rowlan for excellent technical assistance. Tissue was provided by the Tissue Distribution
209 Program at the Washington National Primate Research Center with the help of Chris English. This
210  work was supported by NIH grants R01-EY027859 (J.N.), R0O1-EY028902 (R.S.), F32-EY032318
211 (S.P), T32-EY007125 (S.P), T32-EY007031 (S.P), P30-EY014800, P51-OD010425 and
212  Research to Prevent Blindness. Implementation of the Viking software environment for image
213  capture, registration, database, and annotation was supported through NIH grants to Bryan
214 William Jones (RO1-EY015128, RO1-EY028927).

215  Author Contributions

216  S.P. conceived of the project, wrote the paper and performed the serial EM experiments. J.N.,
217  S.P.,F.R. and R.S. designed experiments. J.N. edited the paper. J.N and M.N acquired the serial
218 EM volume. B.B. and R.S. performed the retrograde tracer injections. F.R. and S.P. performed
219  the cell fills. B.B., M.M. and S.P performed the immunohistochemistry and confocal microscopy.

220 Competing Interests
221  The authors have no competing interests to disclose.


https://doi.org/10.1101/2021.07.21.453225
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.21.453225; this version posted July 22, 2021. The copyright holder for this preprint (which

222

223
224

225
226
227
228
229

230
231

232
233
234
235

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

FIGURES
b - f&%w%ﬂﬂw‘y&,’q}:wfgr -
o S ! S ; ‘) S R
S (YR 1 ¢y
y & ¢ ) .
C GCL ; ] INL
e '
&5 ' T T T I 1 1
ha . 100 80 60 40 20 0
Stratification (% IPL Depth)
d100 L )
E I T N
3 & e % ﬂjlx.
=80 — < " ® Fogw % 1
g j R w” " Nera N ¢ -
» 60 — | SN -4 o Y e
=T o2 ‘@®° P
g 13 * ,_,“f,\gg e m:'“ a *, ps % 5
=40 | S E A AN Pos o
[¢)) — 'y of? wP-op
8 & e kS ety P
% 20 ] . ‘:,.,"h 0"6” "‘% 1‘_‘ g
a 0 ] SAC Qutput — oS & —

Figure 1 | ON SACs of the primate retina. a, 3D reconstructions of representative ON SACs
and isolated ON SAC dendrites. b, Side view of 8 ON SAC reconstructions. ¢, ON SAC
stratification depth in the inner plexiform layer (IPL), 67.6 + 11.0% (mean = s.d., n = 8 SACs). d,
Distance from the soma for each synapse type from 2 ON SACs. e-f, Locations of ribbon input,
conventional input and output synapses along two ON SAC’s dendritic fields. All scale bars are
20 pm.
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Figure 2| Bipolar input to ON SACs. a, Frequency of bipolar cell types presynaptic to ON SACs.
b, Locations of ribbon synaptic input to an ON SAC, colored by bipolar cell type. ¢, Distance from
the soma for ON midget and diffuse (DB4 and DB5) bipolar cells (17.94 + 2.47 um vs. 36.72 +
3.17 um, mean = s.d., p = 0.0011). d-f, 3D reconstructions of presynaptic axon terminals of ON
midget, DB4 diffuse and DBS5 diffuse bipolar cells, respectively. All scale bars are 20 um.
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237  Figure 31 ON SAC synaptic output to RGCs. a, Frequency of SAC output to RGCs, SACs, non-

238 SAC amacrine cells and bipolar cells. b, 3D reconstruction of representative “wrap-around”
239  synapses between an ON SAC and RGC dendrites. EM micrographs show five distinct synapses
240 between the two cells. ¢, 3D reconstruction of the RGC in 3a-b. d, Co-stratification profile of the
241 rmRGC with the ON SACs from 1b. e, Light blue markers show locations of synapses between
242 the ON SAC and RGC. Note the co-fasciculation between the two cells. f, Side view of the RGC
243  in 3c with ON SACs (light gray). g, Locations of SAC synaptic input to the rmRGC, colored by
244  dendritic angle. h, Polar histogram of dendritic angles for the synapses depicted in 3g. i,
245  Population of three rmRGCs. j, Co-fasciculation of overlapping rmRGCs. Scale bars in 3b are 1
246 pum, the rest are 20 pum.
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247 — iy 2 -
248  Figure 4 | Retrograde labeling of RGCs projecting to the NOT-DTN. a, Direction-selective

249  response properties recorded from the NOT-DTN to horizontal smooth pursuit. Scale bar is 1
250 second. b, RGC soma identified by fluorescent rhodamine dextran granules. ¢, Cell fill of
251 rhodamine-labeled RGC, electrode to the bottom left. d, Tracing of the dendritic field in 4c,
252  omitting the axon. Scale bars in b-d are 20 um.
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253 SUPPLEMENTARY FIGURE

a ~
RGC #3 A

s

054 : 4y ‘ 2 AN 2 | 58
255  Figure S1 | Additional rmRGCs with characteristic “wrap-around” SAC synaptic input. a,
256  Dendritic fields of three rmRGCs in the first serial EM volume. b, EM micrographs of SAC (pink)
257  input to rmRGC #3 (purple). ¢, EM micrograph series of SAC input to rmRGC #2 (green). Note
258  input from other SACs to nearby rmRGC #1 (blue). d, Partial reconstruction of an rmRGC from a
259  second serial EM volume of nasal retina. e, EM micrographs of the characteristic “wrap-around”
260 synapses from SACs (pink, green) onto the rmRGC (blue). Scale bars in a and d are 20 um, the
261 restare 1 um.

262
263 Figure S2 | Additional identifying features of recursive monostratified RGCs. a, Markers

264 indicate the locations of all puncta adherens between the two primary rmRGCs in Fig. 4j. Scale
265 bar is 20 um. b-d, Representative EM micrographs of puncta adherens, symmetric membrane
266  densities without synaptic specialization°.
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267
268 Figure S3 | Lack of shared SAC input between overlapping rmRGCs. a, As in Fig. 3b, but

269  with the 24 rmRGC from Fig. 3j added in green. Note the close proximity to the first rmRGC and
270  SAC, but lack of input from the SAC. Scale bars are 1 um. b, As in Fig. 3e, but with synapses
271 onto the 2@ rmRGC marked in green.

a Horizontal

Target

Eye

Vertical

272
273  Figure S4 | Additional verification of NOT-DTN injection site. a, FOPN recorded while

274  confirming the boundaries of the NOT-DTN, adjacent to the area where directionally-selective
275 neurons were encountered. Scale bar is 1 second. b, Injection site. Rhodamine fluorescence
276  (green) marks the injection site relative to the left superior colliculus (SC) and pulvinar (PULV),
277  DAPI (red) labels all nuclei. Scale bar is 1 mm.
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278

279  Figure S5 | Additional retrogradely-labeled RGCs. a, Another recursive monostratified RGC.
280 b-c, Two unidentified wide-field RGCs. All scale bars are 20 um.

281

282  Figure S6 | Comparison of rmRGC dendritic field with other common primate RGCs. a, An
283 rmRGC dendritic field (black) compared to the three most common and well-studied primate
284

RGCs: parasol (red), small bistratified (blue) and midget (green). Scale bar is 20 um.
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285 METHODS

286  Serial Electron Microscopy. Retinal tissue for serial electron microscopy was obtained from a
287 terminally anesthetized male macaque (Macaca nemestrina) monkey though the Tissue
288  Distribution Program at the Washington National Primate Center. All procedures were approved
289 by the Institutional Animal Care and Use Committee at the University of Washington. Blocks of
290 inferior and nasal parafoveal retinal tissue at ~1 mm eccentricity from the foveal center were
291 processed as previously described>'. The inferior retinal tissue was used for all results other than
292 Fig. S1d-e. A cross-section of the inferior retinal tissue taken with a transmission electron
293  microscope can be found in our previously published work52.

294 The tissue was imaged using a Zeiss Sigma VP field emission scanning electron
295  microscope equipped with a 3View system and sectioned in the horizontal plane. Tissue
296 preparation and image collection were optimized in signal-to-noise ratio for visualizing small, low
297  contrast features such as synaptic ribbons that have previously been a challenge for serial block-
298 face scanning electron microscopy. The volume of inferior retina was imaged at a resolution of
299 7.5 nm/pixel and contained 1893 sections at 90 nm section widths, spanning from the ganglion
300 celllayer (GCL) through the cone pedicles. The volume of nasal retina was imaged at a resolution
301  of 5 nm/pixel and contained 2355 sections at 50 nm section widths, spanning from the GCL to the
302 inner nuclear layer (INL). While the size of the volume limited the number and dendritic field extent
303 of rmRGCs and SACs that could be analyzed in detail, our reconstructions are comparable to
304  other recent serial EM studies32238,

305

306 Annotation. Initial image registration was performed with Nornir (RRID: SCR_003584,
307  http://nornir.github.io) and supplemented where necessary with custom MATLAB (Mathworks)
308 code or the SIFT feature registration plugin for Imaged. The detailed reconstructions in Fig. 3b
309 and S3a were annotated by contouring the neuronal processes using TrakEM2
310 (RRID:SCR_008954, http://www.ini.uzh.ch/~acardona/trakem?2.html)55. All other annotation was
311 performed with Viking (SCR_005986, https://connectomes.utah.edu53. Neuronal processes were
312  reconstructed through the sections by placing a circular disc at the structure’s center of mass and
313 linking the disc to annotations from the same structure on neighboring sections. Synapses were
314 annotated with lines connected by 2-3 control points and linked to a parent neuron. The synapse
315 annotations for the presynaptic and postsynaptic neurons were also linked to each other so that
316  the annotated neurons and the specific links between them could be represented and queried as
317  anetwork.

318 We used established criteria for identifying synapses® and confirmed that the synaptic
319  structures spanned more than one section. Conventional synapses were identified by a cluster of
320 vesicles within the presynaptic neuron adjacent to a membrane density on the post-synaptic
321 neuron. Ribbon synapses were identified by the presence of a ribbon structure adjacent to a
322 membrane density on the post-synaptic neuron. The puncta adherens between rmRGC dendrites
323 were identified as symmetrical membrane densities without any evidence of specialization for
324  synaptic transmission3. These contacts were unlikely to be gap junctions because SBFSEM in
325 general and our volumes specifically lack the resolution for gap junctions and none were observed
326 along cell types known to make large gap junctions, such as All amacrine cells.

327

328 Cell Type Identification and Classification. ON SACs were identified by their highly
329 characteristic morphology, ultrastructure and stratification>2'.3°. Their somas were displaced to
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330 the GCL with a single primary dendrite that split into several secondary dendrites, expanding
331 radially to stratifying in sublamina 4 (Fig. 1). The proximal dendrites were extremely thin while
332 distal dendrites were covered in varicosities. To classify pre- and post-synaptic amacrine cells,
333 each neuron was annotated until a confident classification of SAC vs. non-SAC could be made.
334 In addition to the morphological features described above, isolated SAC dendrites were also
335 classified by their synapses and connectivity. For distal dendrites, this included “wrap-around”
336 synapses at varicosities, reciprocal synapses with other SACs and an absence of synaptic output
337  to bipolar cells. For proximal dendrites, criteria included thin dendritic diameters, sparse radial
338 branching, an absence of synaptic output sites and bipolar cell input, often at the end of short
339 dendritic spine-like branches. Dendritic diameter and branching frequency in particular
340 distinguished SACs from other S4 amacrine cells, such as the semilunar and wiry amacrine
341 cells®®. These morphological features reported previously and confirmed in our full SAC
342  reconstructions served as a guide for confirming isolated branches as SACs?322.3031,

343 The rmRGCs were primarily identified by their characteristic curving dendrites. This
344  dendritic field structure is similar to that of the recursive bistratified RGC; however, the recursive
345 bistratified RGC dendrites frequently change strata and, as a result, often overlap when viewed
346 in a flatmount. Overlapping dendrites were rarely observed with the rmRGCs and largely limited
347  to places where distal dendrites travelled under primary dendrites. As reported for ON dsRGCs
348 in other species®®, we occasionally observed isolated dendrites extending towards the OFF
349  sublamina; however, these branches ended quickly and were too sparse to form a clear second
350 dendritic tier as reported for recursive bistratified RGCs.

351 We classified the ON bipolar cells presynaptic to SACs and rmRGCs into four types — ON
352 midget, giant, DB4 and DB5 — following previous serial EM classifications®”. ON midget bipolar
353 cells stratified closest to the GCL and exhibited a small, but densely-packed axon terminal. In
354  several cases, further confirmation was obtained by partially reconstructing the post-synaptic ON
355 midget RGC. Giant bipolar cell axon terminals had sparse branches covering a large area. The
356 distinction between DB4 and DB5 bipolar cells was more subtle as the two costratify and have
357  similar dendritic fields. The branches of DB5 bipolar cell axon terminals were generally smaller,
358 denser and exhibited more varicosities than those of DB4 bipolar cells. In some cases, additional
359 verification was obtained by reconstructing the ON-OFF lateral amacrine cells previously reported
360 to form reciprocal synapses with DB4, but not DB5, bipolar cells®’.

361

362  Analysis. All analyses on the serial EM data were performed with open source connectomics
363 toolbox, SBFSEM-tools (RRID: SCR_005986, https:/github.com/neitzlab/sbfsem-tools), in
364 MATLAB (Mathworks). The Rayleigh test from the CircStat toolbox for MATLAB was used to
365 determine whether the distribution of dendritic angles was uniform or not®°. In all other cases, the
366  Wilcoxon rank sum test was used to determine statistical significance. The box plots in Fig. 1d
367 and 2c show the maximum, 75" percentile, median, 25" percentile and minimum values.

368 Stratification depth within in the inner plexiform layer (IPL) was calculated as previously
369  describeds. Briefly, markers were placed throughout the volume at the borders between the INL-
370 IPL and IPL-GCL. The final INL-IPL and GCL-IPL boundaries were determined by surfaces fit to
371 the X, Y and Z coordinates of the markers denoting each boundary type using bicubic
372 interpolation. Given an annotation’s X and Y coordinates, the surfaces returned the Z-coordinates
373 of both IPL boundaries at that X, Y location. The annotation’s Z coordinate relative to the Z
374  coordinates of each boundary could then be calculated to determine percent IPL depth. In this
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375 way, IPL depth was calculated for each annotation individually to account for local variations in
376 IPL thickness and the volume’s slope due to its proximity to the edge of the fovea. The accuracy
377  of this approach is supported by the strong correspondence between the stratification of ON SACs
378  within our volume and values previously reported in the literature®®®°. For Fig. 1b and 3d, the Z
379  position of each annotation was corrected by normalizing for local IPL variations and translating
380 by the local offset calculated from the INL-IPL and GCL-IPL boundary surfaces.

381 The radial distance of synapses from each SAC’s soma in Fig. 1d and 2¢ was calculated
382 asthe 2D Euclidean distance. Because each SAC was monostratified, the 2D distance was used
383 rather than the 3D distance to avoid introducing artifacts associated with the slope of the volume
384 discussed above. The soma location was automatically chosen as the center of the largest
385 annotation in each SAC. For synapses annotated across multiple sections, the midpoint
386  annotation was used.

387

388  Visualization. The 3D rendering was performed with SBFSEM-tools, as previously described?°.
389  Briefly, the 3D models are triangle meshes built by rendering segments of connected annotations
390 as rotated cylinders centered at each annotations’ XYZ coordinates and scaled by their radii. The
391  exception was the detailed reconstructions in Fig. 3b and S3a, which were rendered with
392 TrakEM2 instead. Where applicable, RGC axons were omitted to emphasize the dendritic field
393  structure. Figures were prepared in either MATLAB, Imaged or Igor Pro 8 (RRID:SCR_000325,
394  Wavemetrics) and final layouts were arranged in Adobe lllustrator.

395

396  Retrograde tracer injections. This experiment was performed on a 15.1 kg adult rhesus monkey
397 (Macaca mulatta). The NOT-DTN was approached through a chamber targeting the superior
398 colliculus. The chamber was tilted to the left by 20° and aimed at a point in the midline, 9 mm
399 dorsal and 2 mm anterior to stereotaxic zero. The NOT-DTN was identified physiologically by
400 recording from neurons tuned to horizontal pursuit in specific directions (Fig. 4a)*4. Additionally,
401  the following omnidirectional pause neurons (FOPNSs) previously reported to be located dorsal to
402 the directionally-selective neurons of the NOT-DTN were identified while approaching the injection
403 site from the foveal superior colliculus (Fig. S4a)¢'. The locations of the directionally-selective
404  neurons and FOPNs were used to map the boundaries of the NOT-DTN prior to the injection.
405 5% biotinylated dextran-conjugated tetramethyl rhodamine 3000 MW (micro ruby, #D-
406  7162; Molecular Probes, Eugene, OR) in distilled water4”. Three injections of 250 nL, 480 nL and
407 560 nL were made distanced ~300 um apart. The first injection site was where the first FOPN
408 was encountered and the final injection site was where background activity corresponding to
409  smooth pursuit was heard.

410 To visualize the rhodamine fluorescence marking the NOT-DTN injection site, the brain
411  was fixed by perfusing the animal with 4% paraformaldehyde in 0.1 M phosphate buffer. After the
412  brain was removed from the skull, it was brought up in 30% sucrose in 0.1 M phosphate buffer.
413  The injected rhodamine dextran could be seen in the fixed brain as bright pink and the surrounding
414  thalamus and midbrain were cryosectioned.

415

416  Cell fills. Retinal tissue was prepared as previously described®?. Briefly, enucleated eyes were
417  hemisected and the vitreous humor was removed mechanically. When necessary, the eye cup
418 was treated for ~15 minutes with human plasmin (~50 pg/mL, Sigma or Haematologic
419  Technologies) to aid vitreous removal. Small pieces of the retinal tissue were detached from the
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420 retinal pigment epithelium and placed onto the stage of an electrophysiology rig ganglion cell side
421  up. The tissue was superfused with warmed (32-35°C) Ames’ medium (Sigma). All cell bodies
422  were visualized with a 60x objective under infrared illumination. RGCs retrogradely labeled with
423  rhodamine dextran were identified with either one- or two-photon microscopes, then filled with two
424  fluorescent dyes: Alexa-488 to image immediately and Lucifer Yellow for imaging after
425 immunohistochemistry. Afterwards, the retinal tissue was detached from the retinal pigment
426  epithelium if necessary and immersion-fixed in 4% paraformaldehyde in 0.1M phosphate buffer
427  (PB), pH 7.4, for 30 minutes at room temperature, then washed in PB.

428

429  Immunohistochemistry and confocal microscopy. Retinal tissue and brain sections were
430 mounted on glass slides using DAPI Fluoromount-G (SouthernBiotech, 0100-20). Confocal Z-
431  stacks of the rhodamine dextran in retrogradely-labeled RGCs, Lucifer Yellow-filled RGCs and
432  DAPI-labeled nuclei were taken with a Leica TCS SB8 microscope. A 20x oil-immersion objective
433 was used for retinal tissue and a 10x objective for brain slices. For final figure display, ImageJ
434  was used to converted Z-stacks to maximum intensity Z-projections and, in some cases, remove
435  shot noise with the “despeckle” function. The dendritic field in Fig. 4d was traced from the original
436  highest resolution Z-stack, using the Simple Neurite Tracer Imaged plugin®s.

437

438 Data and Code Availability. The Viking software for visualizing the dataset and the annotations
439 s freely available (https://connectomes.utah.edu). The SBFSEM-tools software used to analyze
440 and render the annotations is open source (https:/github.com/neitzlab/sbfsem-tools). All data
441  generated and/or analyzed during the current study are available from the corresponding author
442  on reasonable request.
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