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Abstract

The basis of cross-suppression between rod and cone channels has long been an enigma. Using
rabbit retinal connectome RC1, we show that all cone bipolar cell (BC) classes inhibit rod BCs via
amacrine cell (AC) motifs (C1-6); that all cone BC classes are themselves inhibited by AC motifs (R1-5,
R25) driven by rod BCs. A sparse symmetric AC motif (CR) is presynaptic and postsynaptic to both rod
and cone BCs. ON cone BCs of all classes drive inhibition of rod BCs via motif C1 wide-field
GABAergic ACs (yACs) and motif C2 narrow field glycinergic ON ACs (GACs). Each rod BC receives
~ 10 crossover AC synapses and each ON cone BC can target = 10 or more rod BCs via separate AC
processes. OFF cone BCs mediate monosynaptic inhibition of rod BCs via motif C3 driven by OFF
vACs and GACs and disynaptic inhibition via motifs C4 and CS5 driven by OFF wide-field YACs and
narrow-field GACs, respectively. Motifs C4 and C5 form halos of 60-100 inhibitory synapses on proxi-
mal dendrites of AI YACs. Rod BCs inhibit surrounding arrays of cone BCs through AIl GAC networks
that access ON and OFF cone BC patches via motifs R1, R2, R4 RS and a unique ON AC motif R3 that
collects rod BC inputs and targets ON cone BCs. Crossover synapses for motifs C1, C4, C5 and R3 are
3-4x larger than typical feedback synapses, which may be a signature for synaptic winner-take-all

switches.
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Introduction

All sensory, motor, homeostatic, and cognitive neural systems switch processing from one mode
to another based on external or internal cues. Such events often display winner-take-all behaviors, evi-
denced by rapid alternation between and sustained dominance of specific channels under different stimu-
lus conditions (Blake, 1989; Yuille and Grzywacz, 1989; Ashby et al., 1998; Davis, 2006; Kurt et al.,
2008; Oster et al., 2009). Winner-take-all networks have a predicted network topology of lateral inhibi-
tion between parallel excitatory processing streams (Blake, 1989; Bogacz, 2007a; Kurt et al., 2008), but
the discrete synaptic partners in such networks have never been directly observed in any complex neural
system.

Mammalian vision routinely engages a prototypical winner-take-all switch: reversibility between
high amplification rod photoreceptor-based night vision that harvests limited photons for nocturnal, sub-
terranean or benthic navigation, and cone photoreceptor-based day vision that exploits abundant photons
to build fast, color-coded movies of the world. Vision must span nearly six log units of flux between
starlight and sunlight at zenith (Alpern, 1978; Warrant and Johnsen, 2013) and adjust to fast variations in
the daily sinusoidal light curve from arising from cloud cover, canopies, water layers, caves or burrows.
In particular, all animals must transit prolonged mesopic epochs in which potentially confounding rod
and cone signaling events coexist (Fig. 1A). Fast inhibitory interactions between rod and cone networks
are critical at these times (Stabell and Stabell, 1998; 2002; Buck, 2004). But where might these interac-
tions occur?

[Figure 1 here]

Non-mammalian retinas (Fig. 1B) use mixed rod-cone bipolar cells (BCs) for scotopic encoding

and the net gain of the glutamatergic path from rods to ganglion cells (GCs) is n?, the product of each
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step of an approximate synaptic gain of n > 1 (see Marc et al., 2013). There is not any strong evidence
for fast rod-cone suppression in those species. In fact there is evidence to the contrary. Both physiologic
(Raynauld et al., 1979) and ecologic (Hobson, 1975; Munz and MacFarland, 1977) evidence shows that
teleost fishes undergo a protracted mesopic rod-cone transition in which apparent loss of photoreceptor
signaling may occur, creating a visual dead zone associated with habitat avoidance. In mammals (Fig.
1C), rod and cone signals are largely separated into distinct BCs, with rod signals later recombined in
GCs. The rod signal is aggregated by AIl GACs into cone BC axon terminals in the inner plexiform lay-
er (IPL), with a net gain for the rod to GC path of n3. This massively higher gain could have played a
key role in the increasing diversification of mammals via opportunistic habitat invasion in the Creta-
ceous terrestrial revolution (Meredith et al., 2011). But this increase in gain must logically have involved
compensatory fast switching between channels to be adaptive. As discrete rod and cone excitatory chan-
nels are restricted to the retina, where the only possible rod-cone lateral inhibition comes from horizon-
tal cells (HCs) in the outer plexiform layer (OPL) and ACs in the IPL, our search was initially anatomi-
cal. Rod-cone coupling (Hornstein et al., 2005) and low levels of rod-cone mixing via bipolar cells
(Pang et al., 2009) in the OPL offer no obvious mechanism for suppression, though there is excellent
psychophysical evidence for rod-cone additivity driven by coupling or mixing (Buck, 2014). What
mechanisms might account for the fast, narrow field rod-cone cross-suppression observed in human psy-
chophysics (Ingling et al., 1977; Thomas and Buck, 2006)? Cone suppression of rod sensitivity is per-
ceptually most effective with transient stimuli (Ingling et al., 1977), consistent with the fast ionotropic
GABAergic or glycinergic inhibition (Marc, 2004; Eggers and Lukasiewicz, 2006; Chavez and Dia-

mond, 2008; Chavez et al., 2010; Moore-Dotson et al., 2015) . Since the IPL is a dense neuropil packed
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with inhibitory GABAergic amacrine cells (YACs) and glycinergic amacrine cells (GACs), we hypothe-
sized that at least some key rod-cone lateral inhibitory networks reside therein.

Locating specific subnetworks embedded in larger-scale architectures is challenging because
they could be widely spaced and sparsely connected. Indeed, since they had never been observed
anatomically, we expected them to be rare. Classical imaging methods and black-box systems inference
have long proven unable to find them (Marc et al., 2012; Marc et al., 2013) but their existence can clear-
ly be inferred from physiological data (Chavez and Diamond, 2008). Using high throughput automated
transmission electron microscope imaging combined with molecular markers (Anderson et al., 2009;
Anderson et al., 2011b) and new network graph exploration tools, we quantitatively traced complete
crossover networks in rabbit Retinal Connectome 1 (RC1), a cylindrical volume of IPL spanning 0.25
mm (Anderson et al., 2011b). We used both targeted tracing using the rod BC network as an anchor and
high-density network graph queries to search RC1 for the elusive lateral inhibitory connections between
rod and cone channels. We discovered YACs and GACs that form basic cone BC — rod BC “C” motifs,

rod BC — cone BC “R” motifs and one symmetric cone < rod “CR” motif: all lateral inhibitory net-

work motifs. Importantly, these motifs engaged all identifiable classes of cone BCs.
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Methods
Connectomics Volume RCI

Our connectome methods, tissue sampling and analytical techniques have been described previ-
ously in detail (Anderson et al., 2011a; Anderson et al., 2011b; Lauritzen et al., 2012; Marc et al., 2013;
Marc et al., 2014b) and only essential points are expanded here. Connectome volume RC1 is an open-
access, transmission electron microscopy (TEM)-based, ultrastructural rabbit retina volume based on
371 serial 70-90 nm thick sections, capstoned and intercalated with optical sections containing small
molecule signals for cell classification (Anderson et al., 2011a; Anderson et al., 2011b). The volume was
acquired from an anesthetized light-adapted female Dutch Belted rabbit (Oregon Rabbitry, OR) after 90
minutes of photopic light stimulation at 3 Hz square wave, 50% duty cycle with a 3 yellow - 1 blue
pulse sequence (detailed in Anderson et al., 2011b) in the presence of = 13-16 mM intravitreal AGB
based on an estimated ocular volume of 0.8-1.0 ml computed from the rabbit schematic eye (Hughes,
1972). All protocols were in accord with Institutional Animal Care and Use protocols of the University
of Utah, the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research, and the Poli-
cies on the Use of Animals and Humans in Neuroscience Research of the Society for Neuroscience. The
epoxy resin bloc was sectioned in the horizontal plane at 70-90 nm onto polyvinyl formal resin coated
gold slot grids for TEM and onto array slides for optical imaging and probing with anti-hapten IgGs tar-
geting small molecules (Marc et al., 1995; Marc and Jones, 2002; Lauritzen et al., 2012): 1-amino-4-
guanidobutane (B100R, RRID AB 2532053), aspartate (D100R, RRID AB_2341093), GABA
(YY100R, RRID AB_2532061), glycine (G100R, RRID AB 2532057), glutamate (E100R, RRID
AB 2532055), glutamine (Q100R, RRID AB 2532059) or taurine (TT100R, RRID AB_2532060), all

from Signature Immunologics Inc, Torrey, UT); Table 1. All markers have been previously published
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(Anderson et al., 2009; Anderson et al., 2011b) and are part of the dataset used to quantitatively classify
cells. Small molecule signals were visualized with silver-intensification of 1.4 nm gold granule-conju-
gated goat anti-rabbit IgGs (Nanoprobes, Yaphank, NY, Cat # 2300, no RRID), imaged (8-bit 1388 pixel
x 1036 line frames), mosaicked, aligned to the TEM volume and classified (Marc and Jones, 2002; An-
derson et al., 2009). Each TEM section was imaged at 2.18 nm resolution with over 1000 image tiles per
section stored in 16 and 8-bit versions, as well as image pyramids of optimized tiles for web visualiza-
tion with the Viking viewer (Anderson et al., 2011a; Anderson et al., 2011b). Neural networks in RC1
are annotated with the Viking viewer, and explored via graph visualization of connectivity and 3D ren-
derings as described previously (Anderson et al., 2011a) and detailed below. The volume contains over
1.28M annotations, 104 rod BCs, > 190 validated cone BCs, and = 300 ACs.
[Table 1 here]
Cell classification

Analysis of independent molecular, morphologic, and connectivity feature spaces yields robust
cell classification. Using the molecular markers (Marc et al., 1995; Kalloniatis et al., 1996) and excita-
tion mapping with 1-amino-4-guanidobutane (Marc, 1999b; a; Marc and Jones, 2002), every neuron
with a soma in RC1 can be classified using isodata clustering (Marc and Jones, 2002) and/or principal
components mapping (Anderson et al., 2009) essentially without error as a horizontal cell, OFF cone
BC, ON cone BC, rod BC, narrow-field GAC, wide-field YAC, GC, or Miiller cell (Anderson et al.,
2009; Anderson et al., 2011b). Many crossing processes in RC1 originating from GCs and ACs outside
the volume traverse one or more intercalated GABA, glycine, 1-amino-4-guanidobutane, or taurine
channels which often allows direct biochemical classification (Marc et al., 2013; Marc et al., 2014a;

Marc et al., 2014b). More importantly, each molecular classifier uniquely maps onto the distinctive mor-
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phologies of each class of cells in 3D (including fine-scale stratification in the inner plexiform layer) and
unique collections of network motifs accessed by each. Molecular mapping essentially pre-segments the
connectome into cell classes and each can be efficiently mined for features. The detailed classification of
cone BCs is beyond the scope of this paper, but in general we have tried to merge our classifications
(Lauritzen et al., 2012) with those of MacNeil et al. (2004). There are at least seven ON cone BCs
(CBb3, CBb3n, CBb4, CBb4w, CBb5, CBb6, CBbwf) and five OFF cone BCs (CBal, CBalw, CBa2,
CBab2-3/4/5) based on axonal arbor size, molecular signature, excitation mapping response, stratifica-
tion, in-class and cross-class homocellular coupling patterns and adherens junctions patterns. Following
MacNeil et al. (1999) we classify most ACs as wide-field cells with arbors approaching or exceeding the
size of the sample volume, or narrow-field with small 50-100 pm diameter arbors. Wide-field cells or
processes traversing the volume can often be identified as GABA+ but so far none are glycine+. Nar-
row-field cells with somas in the volume can be identified as glycine+ but so far none are GABA+. We
revert to the simple terminology of denoting the dominant GABA+ ACs that receive both rod BC input
and provide feedback synapses as Al yACs rather than the S1/S2 terminologies based on serotonin up-
take patterns (Vaney, 1986; Sandell et al., 1989; Vaney, 2004) or the classic “A17” terminology derived
from Golgi impregnated cat retina (Kolb et al., 1981). Our data currently support the Al YAC superclass
as a single-motif population and the significance of our findings for the specific S1/S2 classes will be
the subject of other papers and briefly addressed in the Discussion.
Mining Networks

Candidate rod-cone crossover networks in RC1 were visualized and annotated by initiating trac-
ing at every one of the 104 mapped rod BCs in RC1 and tracing outward in Viking (connectomes.utah.e-

du, RRID:SCR _005986) from individual amacrine cell (AC) synapses on the rod BC axon and axon
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terminal to determine the identity of the AC processes (e.g. exclusively rod BC or cone BC-driven). As
the volume has become densely annotated, it has become more practical to search the RC1 database for
novel connections using network graph tools and database queries. All resources are publicly accessible
via Viking and a range of graph and query tools at connectomes.utah.edu. All cells in this paper are nu-
merically indexed to their locations, network associations, and shapes. The data shown in every TEM
figure can be directly accessed via Viking with a library of *.xml bookmarks available at marclab.org/
crxo. It is also available as a supplemental file. Each cell index number in the RC1 database can be en-
tered into many different software tools for analysis, visualizations or queries: Viking, Network Viz,
Structure Viz, Info Viz, Motif Viz (all Viz tools are based on the GraphViz API at graphviz.org, devel-
oped by AT&T Research, RRID SCR-002937), and VikingPlot developed by the Marclab; and
VikingView developed by the University of Utah Scientific Computing and Imaging Institute. Further,
the Viking database supports export of networks and cell morphology for the network graph visualiza-
tion application Tulip (tulip.labri.fr) developed by the University of Bordeaux, France; cell morphology
for import into Blender (Blender.org, RRID SCR-008606); and network queries Microsoft SQL and Mi-
crosoft Excel with the Power Query add-in to use the Open Data Protocol (OData.org) to query connec-
tivity features. In fact, a great deal of motif quantification requires computational graph visualization. At
present, the RC1 volume database contains over 1.3 million high-quality annotations and a graph of all
connections contains 12,519 nodes (vertices, cell processes) and 26,540 directed edges (connections:
ribbon synapses, conventional synapses, gap junctions, etc.). Visualizing, organizing, pruning and classi-
fying these networks requires the algorithmic sophistication provided by Tulip 4.8 to aid network min-

ing, which we augment with regex (regular expression) based Python plug-ins for network queries de-

veloped by the University of Utah Scientific Computing and Imaging Institute (https://github.com/visde-
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signlab/TulipPaths). We used the Python regex implementation Python (https://docs.python.org/2/1i-

brary/re.html). Tulip-formatted networks can be directly exported from our connectome databases with a

web query tool at connectomes.utah.edu and all data used in this paper can be accessed via the current

* tlpx file at marclab.org/crxo. RC1-20160515-nw-ALL hops 1.tlpx. The characterizations of motifs

happens through two processes: directed tracing or incidental tracing and algorithmic discovery in Tulip

or via database queries, which is the penultimate goal of most connectomics analyses. Each directed

tracing motif is counted as a consolidated instance owned by a source cell; incidental tracing motifs are

counted as regex instances (single motifs) owned by a target. For example, the motif CBb5; > YAC; >

RB;. RBs. RBs3 represents one consolidated motif but 3 regex instances. Consolidated motifs are discov-

ered by directed tracing and tabulated as such (Tables 2. 3, and S1). Single motifs are discovered by

regex queries and represent the density of pathways available for analysis. A typical 3-node regex query

might be: node 0 = CBa.*, edge 0 = Ribbon Synapse, node 1 = .*. edge 1 = Conventional, node 2 = YAC

Ai, edge 2 = Conventional, node 3 = Rod BC; where CBa.* captures all classes of CBa BCs, .* captures

all cells postsynaptic to the CBa BCs that make conventional synapses onto Al YACs (YAC Ai) targeting

rod BCs. This query captures all single instances of motifs C4 + C5. A sample output is provided at at

marclab.org/crxo/RC1-CBa=null-YACAIi-RB.txt, and captures 809 C4 + CS5 instances. Less the 91 di-

rected consolidated counts, this represents the regex entry of 718 in Table 3. Statistical analysis of net-

work motifs features includes network combinatorics, conventional parametric (t-test) and nonparamet-

ric statistics (Kolmogorov-Smirnov).

Image preparation
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As previously described (Anderson et al., 2009; Anderson et al., 2011b; Lauritzen et al., 2012),
transmission electron microscopic (TEM) images in this article were imported from volume tiles in the
RC1 Viking display in most cases or remapped in Adobe Photoshop CS6 Extended (adobe.com) with
gamma 1.3 to soften contrast. Some images were sharpened with an unsharp mask with a kernel of 1-3
pixel radius (2-6 nm). A few synapses were illustrated by merging serial sections to provide a single
view of an entire complex. Colored overlays used the TEM gray-scale brightness combined with the hue
and saturation of the overlay as described by Anderson et al. (2011a). Three-dimensional renderings of
annotated cells were generated in Vikingplot and Vikingview. Network graphs were displayed in Tulip
and networks illustrated in OmniGraffle (omnigroup.com/omnigraffle). All our raw images and *.psd

files with all layers are available at marclab.org/crxo.

Results

The initial framework for our analysis was the basic rod pathway. Mammalian cone photorecep-
tor signals are split into several classes of ON and OFF cone BCs (MacNeil et al., 2004), which then
synaptically transfer these polarities to ACs and GCs. In contrast, there is only one class of rod BC.
Though it does not synapse on GCs, most mammalian GCs exhibit both rod and cone signals (except in
the pure-cone primate fovea). This is achieved largely through the AIl GAC pathway that collects rod
BC signals and injects them into ON and OFF cone BCs in a re-entrant loop (Strettoi et al., 1990; Stret-
toi et al., 1992; Marc et al., 2013). ON and OFF cone BCs are also electrically coupled within super-
classes (ON::ON, OFF::OFF) but rod BCs are not. Thus, we started tracing crossover networks starting

from rod BCs.
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We performed two types of directed mapping: wide mapping in which we identified examples of
crossover motifs that repeat across many cells, and deep mapping of all synapses on a small set of cells
to determine the approximate numbers of synapses and motifs per cell. This is very labor intensive and
we can achieve only about 250,000 annotations annually (= 1000 / work day) with our small team. But
as the annotation of the volume for other cells was growing in parallel, it became possible to search net-
work graph space with regex queries for crossover motifs.

We describe 13 distinct motifs that mediate rod-cone crossover: 6 motifs that mediate cone sup-

pression of rods (motifs C1-C6):; 6 motifs that mediate rod suppression of cones (motifs R1-5; R25); and

one dual motif where cones and rods can suppress each other (Motif CR). Table 2 provides a definition

of each motif, its neurochemical identity, and distinctive ultrastructural and meta-scale attributes. Table 3

provides a basic connectivity grid for each motif and a tabulation of the instances documented in the

volume. Importantly, and unlike other datasets, connectomes are live datasets and these tabulations will

increase nearly daily. The tabulations presented here are from analyses complete as of 25 May 2016. As

we will detail below in section 2. we used regex-enabled database queries to find all instances of motifs

in our volume. So far RC1 contains 1225 C motifs, 3541 R motifs, and 3023 motifs associated with clas-

sical Al and AIl networks with rod BCs. Most of these were discovered by automated regex queries and

a subset mapped by directed tracing (325 C motifs, 620 R motifs) to extract complex features such as

molecular signatures, process size and topology and details of motif instances (Table 2). Some motifs

are very abundant in total regex instances, reflecting the density of cells, processes and coverage factors

(C1,C2,C4,C5,R1, R2. R4. R5, R25) where others appear rare due to their very large dendritic fields,

low densities of somas and apparently low coverage factors (C3, C6, R3, CR). This does not mean they

are ineffective. For example, YAC 18282 is one of four instances of motif R3 and has a large, heavily
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branched arbor spanning the entire connectome volume. While it collects from only a single rod BC (as

do other R3 cells), it heavily inhibits 13 cone BCs (Table S1). Further, RC1 contains only a fraction of

the cell’s arbor (estimated to be 4x-8x larger), so it will capture more rod BCs at roughly 1/10 its cone

target load. So while sparse, it clearly could be potent. Table 3 summarize the connective paths of all

motifs, the number of consolidated instances (see methods) derived from direct tracing/visualization and

the number of regex instances (see methods) derived from incidental tracing. The latter number is al-

ways much larger and reflects the fact that future connectomics analyses of large datasets will depend on

algorithmic discovery, validated by direct tracing or visualization of subsets. We present our results in

several broad sections: (1) a characterization of each motif architecture; (2) exploration of network mo-
tifs in the RC1 dataset; (3) a description of motif weights.

[Figures 2 & 3 here] [Tables 2 & 3 here]

The RCI dataset is a 0.25 mm diameter cylinder of rabbit retina that spans the retinal inner nu-
clear layer to the ganglion cell layer. We started our search by tracing synaptic connections outwards
from 104 rod BCs in RC1 (Fig. 2) and the specific rod ACs they drive: wide-field Al YACs (> 50 distinct
major Al YAC arbors traversing RC1 and 12 AI yAC somas and arbors contained within RC1) and nar-
row field AIl GACs (39 cells contained in RC1). Each rod BC axon spans about 25 um (Fig. 2A) and the
convex hull of the axonal field forms an incomplete packing with extensive gaps (Fig. 2B). This is quite
different from the over 200-300 cone BCs (split into = 12 classes) where axonal fields form sheets cou-
pled by gap junctions (Fig. 3A) and their shapes, best analyzed as star domains (rather than arbitrary
convex hulls or Voronoi domains), generate highly efficient tilings of the synaptic plane (Fig. 3B). Thus

cone BCs are defined as patches of coupled cells when we consider crossover motifs.
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[Figure 4 here]
Motifs CI and C2: ON cone BC — AC — rod BC
Two class C motifs (C1, C2) driven by ON cone BCs are directly presynaptic but never postsy-

naptic to rod BCs. For these, and all following motifs, specific class definitions and cell attributes are

summarized in Tables 2 and 3. Specifically, any non-Al yAC that targets rod BCs is a C1 motif AC. C1

motifs employ wide-field YACs with dendritic arbor diameters ~ 0.5 mm or greater, while C2 motifs
employ narrow-field GACs with dendritic arbor diameters = 0.1 mm or smaller. Figure 4 shows a selec-
tion of processes and motifs sufficient to contact every rod BC in volume RC1 once, with either YAC C1
or GAC C2 motifs. Such a selection is formally termed a “spanning tree” in graph theory, where each
cell represents a network graph node, and there are many such trees in RC1. As we shall see below, each
rod BC likely receives 10-20 C motifs, so a complete display of structures supporting all the spanning
trees would be extremely dense. Though many C1 yACs span the volume and their somas originate out-
side it, many are classifiable as YACs when they traverse GABA-labeled reference slices in RC1 (An-
derson et al., 2011b; Lauritzen et al., 2012; Marc et al., 2013). Those that do not cross GABA-reference
slices can also be grouped as C1 motifs because they exhibit ultrastructurally unique beaded processes
with distinct prolate spheroid varicosities characteristic of wide-field YACs; smooth, straight interbead
connecting segments as thin as 65 nm (unlike Al processes that are coarse, microtubule rich and very
ropey rather than varicose); and/or are glycine-negative at glycine-labeled reference slices; and exit the
volume in a straight trajectory like other wide-field YACs.

[Figure 5 here]

Motif C1 instances are by far the most common (n=152 , Tables 2, 3, S1) and in most cases arise

from yAC processes that traverse the entire volume, emanating from somas outside the volume. Only a
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few yYACs associated with C motifs have their somas within the volume, consistent with the idea that C1
ACs are wide-field cells. Wide-field ON yAC processes are driven directly by ON cone BCs, such as
the class CBb3n cell 6120 (Fig. 5A,B) that form feedback synapses onto ON cone BCs (Fig. 5C) either
in-class or cross-class, and synapse directly on rod BC axon terminals via characteristic beaded process-

es (Fig. 5D). Importantly, all ON cone BC classes drive C1 yACs (Table S1). Our 152 instances of inten-

tionally traced C1 motifs involves 394 ON cone BC contact instances: 36 CBb3. 119 CBb3n, 21 CBb4,

84 CBb4w, 105 CBbS5. and 28 CBb6 cells. Our total consolidated + regex motif contacts exceed 1000

and increases daily as more annotations are added. Only one instance of C1 contact with a wide-field

ON cone BC (CBbwf{) has been found. There are only two CBbwf cells yet identified in the volume.

Complete tracing of all AC inputs to five rod BCs (cells 516, 517, 518, 519, 10625) revealed that at least
10 class C1+C2 motifs impinge on each rod BC axonal arbor (12 + 4 motifs, mean + 1 standard devia-
tion, n = 5 rod BCs; extracted from 227 cell contacts and 428 synapses) suggesting that RC1 likely con-
tains 1000-2000 of these motifs (see below: Exploration of network motifs). The net synaptic gain of
this motif is n?p (Fig. 5E), where n represents a canonical glutamate ribbon synapse; p is a sign-invert-
ing, anion-mediated inhibitory synapse; the cone — ON cone BC — AC chain has a net gain of n?; the
AC — rod BC step has a net gain of p; and the total chain has a gain of n’>p (Marc et al., 2013). The dis-
tance between ON cone BCs and their nearest rod BC target inhibited by a C1 motif ranged from as
small as 10 um to the full RC1 volume diameter of 0.25 mm. In between, the C1 ACs contact other ACs
and cone BCs. It appears that C1 crossover motifs are not constrained to be close to their target rod BCs.

[Figure 6 here]

C2 motifs are mediated by narrow-field ON GACs (Fig. 6), some resembling flag ACs (MacNeil

et al., 1999) with irregular, lobular processes and electron-dense cytoplasm. Such GACs are usually
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completely contained within the RC1 volume. This embeds rod BCs in small fields (= 0.1 mm diameter)
of ON cone BC-initiated glycinergic inhibition (Fig. 6A,B). Amacrine cells participating in C2 motifs
(n=13) are rarer than ACs participating in C1 motifs. This is expected since the ratio of YAC to GAC

processes in the rabbit inner plexiform layer is = 4. It may be that such ACs do not tile the retina fully. A

regex query of RC1 shows that all C2 motif paths found so far make either 1 (13 cases) or 2 synapses (1
case). We thus estimate that every rod BC receives only 1 or 2 C2 motif synapses. But the scope of C

motif input to rod BCs is quite nicely illustrated by Figure 6C, where four different C-motif contacts are
present in a single section: two C1 contacts (cells 39998, 31702), one C2 contact (cell 278), and one CR

contact (cell 31700). The net synaptic gain of the C2 motif is n?p (Fig. 6D).

Motifs C3, C4, and C5: OFF cone BC — AC — AC — rod BC

Depolarization of ON cone BCs by light would lead to hyperpolarization of rod BCs in the sin-
gle-stage AC inhibitory motifs C1 and C2. But light hyperpolarizes OFF cone BCs, so single stage OFF
channel inhibition would be unable to antagonize rod BC light responses. Further, none of the single-
stage, cone BC-driven motifs of rod BCs found (n=164) originates with OFF cone BCs alone. Instead,
OFF cone BCs inhibit rod BCs with two-stage inhibitory motifs that concatenate ACs so rod BCs are
likely inhibited when OFF cone BCs are hyperpolarized by light. Two of these motifs (C4,C5) specifi-
cally target Al ACs with the result that cones can access C motif pathways to drive inhibition through
every AC synapse on every rod BC terminal.

[Figure 7 here]

Motif C3 (n=6) engages a remarkable but sparse network. OFF cone BCs drive both narrow-field

OFF GACs (Fig. 7A,B) and wide-field OFF yACs (not shown) that form the total synaptic input to bis-
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tratified YACs in the OFF IPL (Fig. 7C). We have not discovered any BC input to these bistratified

vYACs. Since our connectomics resolution (2 nm) in the projection TEM images of volume ensures that

we do not miss any synapses (Marc et al., 2014b) and since YAC 5281 is largely contained within the
RC1 volume, it appears that it truly lacks any BC input. Motif C3 bistratified YACs are then presynaptic
to ON cone BCs (Fig. 7D), multiple rod BCs (e.g. Fig. 7E), and other ACs and ganglion cells (not

shown) in the ON layer. The bistratified yACs are wide-field cells that likely spike, thus each may inhib-

it a large patch of rod BCs. Cell 5281 makes inhibitory synapses onto 5 rod BCs (cells 516, 518, 10625,

10959, 10960) but receives input from none of them. In addition, cell 5281 is unusual among ACs in re-
ceiving somatic synapses from other ACs. Figure 7F shows the soma of YAC 5281 at section 061 in the
volume, which is labeled for GABA signals (Anderson et al., 2011b) and also shows two synaptic bou-
tons. Figures 7G,H summarizes the four synapses that target the soma. Two are definitely GABA+ (trac-
ing through CMP sections) and the others are likely glycinergic. The net gain for the C3 motif is n’p?
(Fig. 71). We have identified six candidate motif instances in RC1 and estimate that each rod BC re-
ceives 1 or 2 such contacts.

[Figure 8 here]

Motif C4 was a completely unexpected inhibitory path (Fig. 8), and is the OFF paramorph of ON
motif C1. In this motif, wide-field yYACs (n=86) target the proximal OFF-layer zones of Al AC dendrites

in ring-like clusters (Fig. 8A,B). Each AT AC receives = 60-100 such synapses (cell 591 n=118, cell

4943 n=108; cell 5303 n=68; cell 4850 n=75; cell 308 n=75). The true mean is likely a supremum (i.e.

closest to the maximum value) rather than a simple arithmetic average of the sample as the cells with

lower numbers of synapses have distal processes that leave the edges of the volume. Most of the in-

stances we have been successful in tracing (Fig. 8C) are driven by OFF cone BCs (n=41 cases involving
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53 ribbon contacts), and/or provide OFF cone BC inhibition (n=48 cases involving 72 AC synapses)

suggesting they are driven exclusively by OFF BCs both inside and outside the volume or through un-

traced branches. One example was found to be presynaptic and another postsynaptic to ON cone BCs

and it is possible that these untraced branches arise from ON-OFF ACs. The bias for OFF over ON input
to AI ACs through the disynaptic inhibitory path is at least 9:1 however. Motif C4 synapses onto Al ACs
are also among the very largest inhibitory synapses in the retina, with presynaptic areas of 2 pm? or
more in some cases (Fig. 8D). All target Al cells were validated by mapping their rod BC connectivity
(Fig. 8A, E, F). The net gain for the C4 motif is n’p? (Fig. 8G).

[Figure 9 here]

Motif C5 is the OFF paramorph of ON motif C2 and uses OFF cone BC-driven narrow-field

GAC:s to target Al YACs (Fig.9A-C; n=4). We have fewer of these since the OFF layer is positioned be-

tween our glycine+ slices and few processes successfully traversed deeper for validation. Thus it is very

likely that they are far more common than we can currently document, as there are >700 regex instances

of C4 + CS5 motifs. Every identified AI YAC in the volume has been shown to have multiple C4-like and
C5-like synapses on its OFF-layer dendrites proximal to the soma meaning that both fine-grain glyciner-
gic and coarse-grain GABAergic suppression converge on AI ACs. Tabulations of every synapse onto Al
YACs (e.g. cell 4943) reveals that motif C4 + CS5 inhibitory synapses outnumber the Al cell’s rod BC ex-
citatory inputs in the volume by 9:1. Al YAC 4943 contacts 11 rod BCs in the volume and receives 12
ribbon synapses. It also receives 108 inhibitory synapses in the OFF layer and itself makes 29 feedback
synapses onto rod BCs. There are no Al YACs that lack this massive crossover inhibitory drive.

[Figure 10 here]
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Motif CR: Cone BC <> AC <> Rod BC

This motif is rare compared to the other C motifs. We have only found two instances and
it is the only bidirectional motif we have discovered (Fig. 10A): presynaptic and postsynaptic to rod BCs
(Fig. 10B) and ON cone BCs (Fig. 10C,D). Its synaptic gain is n’p in either direction (Fig. 10E). All so-

mas appear to originate outside the volume.

[Figures 11,12,13,14 here]

Motifs R1, R2, R4, R5: Rod BC — AC — AC — cone BC

The main rod — cone suppression motifs are logical extensions of networks we already
know well. Part of the motivation for considering them is based on the fact that rod suppression of cones
has a distinct spatial scale (Ingling et al., 1977; Buck, 2004) consistent with the size of interaction zones
we see in RC1. Four rod BC to cone BC suppression motifs (R1, R2, R4, R5) engage AIl GACs which
form sign-conserving gap junctions with most ON cone BCs and conventional glycinergic inhibitory
synapses with most OFF cone BCs, thereby gaining access to most cone BC channels.

Due to this differential connectivity, AIl GACs drive ON and OFF cone BCs with opposite polar-
ity. AIl GACs are also postsynaptic but never presynaptic to rod BCs, thereby capturing rod pathway
excitatory signals and injecting them antagonistically into ON and OFF cone BCs. Via the rod BC —
AIl GAC — ON and OFF cone BC pathways, motifs R1, R2, R4 and R5 could inhibit all classes of cone
BCs with high gains. Motifs R1 and R2 and the R paramorphs of motifs C1 and C2, use AIl GACs via
ON cone BC coupling to indirectly access cognate cone wide-field yAC pathways that inhibit distant

fields of ON cone BCs (Fig. 11) and cone narrow-field GAC pathways that inhibit near fields of ON
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cone BCs (Fig. 12). All cone BC-driven YACs form these motifs, including motif C1 and non-C1/C2
cone feedback ACs that do not target rod BCs (the majority, as shown below). Similar sets of motifs, R4
and RS (paramorphs of C4 and C5), use AIl GAC glycinergic inhibition of OFF cone BCs to access

cognate cone YAC pathways that inhibit distant fields of OFF cone BCs (Fig. 13) and cone GAC path-

ways that inhibit near fields of OFF cone BCs (Fig. 14). In total we have mapped 3541 R motif instances

emanating from 39 AIl GACs in RC1, initiating in 143 CBb and 97 CBa cells then connected to sur-

rounding BCs via AC contacts. Each instance should be immensely potent at inhibiting surround cones

as a single fully mapped cone bipolar cell, e.g. CBb5 593, can drive at least 200-300 distinct AC pro-

cesses from its 194 synaptic ribbons (Lauritzen et al., in preparation).

Motif C6: ON cone BC CBb6 — Al yAC — rod BC

While it is generally thought that rod ACs only get ribbon input from rod BCs, it turns out that
both Al YACs and AIl GACs are also driven by sparse, wide-arbor CBb6 BCs (Marc et al., 2014). This
creates a massive pathway for cone inhibition of rod BCs via the AI YAC path. We do not show these

data here as they have previously been published.

[Figure 15 here]
Motif R3: Rod BC — AC — cone BC
After uncovering the large scale inhibition of rod BCs by nearby cone BCs, it became
clear that patches of cone BCs might also be inhibited by adjacent rod BCs via a unique path. We dis-
covered motif R3, analogous to motif C1 and its network dual (Fig. 15). Motif R3 ACs (n=4) are very
large caliber, wide-field YACs postsynaptic to a single or few rod BCs and many (up to 17) ON cone

BCs, but presynaptic only to ON cone BCs (13 in one case) and other ACs. In particular, cell 18282
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spans the entire RC1 volume and makes no synapses onto the many rod BCs it encounters, despite op-
portunities afforded by extensive membrane apposition. Motif R5 cells capture only sparse rod BC in-
puts (Fig. 15), but they are so large that they are likely spiking neurons that could spread signals as wide
as their dendritic fields (> 0.5 mm in diameter). If so, a few rod BCs could suppress 60-100 cone BCs
over a square millimeter of retina. Like the other ON channel C motifs, the R1 motif has a gain of n’p
(Fig. 15E). Thus, not all rod BCs need to drive R3 motifs to be effective, consistent with the joint distri-

bution model proposed by Lauritzen et al. (Lauritzen et al., 2012).

[Figure 16 here]
Motif R25 Rod BC — AIl GACs — ON & OFF CBCs — ON-OFF GACs — ON CBCs

As part of an independent investigation and network exploration with Tulip, it became clear that
there is a diverse collection of monostratified, narrow-field GACs that preferentially stratify near the
middle of the IPL and collect inputs from both ON and OFF CBCs. As noted in Lauritzen et al. (2012),
stratification is not a definitive way to predict the polarities of ACs or GCs. We have identified four
classes of narrow field, monostratified ON-OFF GACs (ON-OFF GACs 1-4) which have arbors roughly
the same dimensions as CBC axonal arbors (Fig. 16A). However, each cell has a different bias for inputs
vs outputs and cell 906 (Class 1) collects both ON and OFF BCs inputs but has a quantitative bias for
targeting ON CBCs. Indeed, cell 906 arborizes in mid-IPL in between the ON and OFF layers of the IPL
(Fig. 16B), collects from OFF CBCs that are driven by AIl GAC lobular synapses (Fig. 16C, D) and is
presynaptic to CBb3 ON CBCs (Fig. 16E). Unlike the other ON-OFF GACs (Classes 2-4, which will be

described more completely in future publications), the Class 1 cell 906 collects input from CBb5 ON
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CBCs (Fig. 16F,G), which are heavily coupled to AIl GACs (Fig. 16H). The input from CBb5 cells
comes not from GAC 906 dendrites dipping into the deep ON layer, but rather from rather crossing ax-
onal ribbons (see Lauritzen et al., 2012). CBbD classes vary in their coupling to AIl GACs, so there may
be asymmetries in the potential for rod drive between sources and target cells: the crossover permitted
by Class 1 ON-OFF GACs may allow rod-rich cone BC pathways to inhibit rod-poor pathways in rabbit.
The gain of this pathway is n’pc, like motifs 2 and 5. Of course it is not at all clear what role the OFF
signal might play, but it is possible that it is not as important in rod suppression of cones as it is ON-OFF
crossover to correct for signal rectification in GCs ((Werblin, 2010).

[Figure 17 here]
Exploration of network motifs

RCl is an open-access dataset that includes raw image data, annotation display, a spatial data-
base of structures, and software for visualization. But even with access, including a mature dataset of
prior annotations, how would one explore it? Our analysis of crossover motifs provides a guide for ex-
tracting both quantitative and qualitative data. We first built network visualization tools for our internal
use based on the Graphviz toolset (graphviz.org), but the size of the volume imposed challenging per-
formance demands. In brief, we have found the Tulip environment (tulip.labri.fr), designed to manage
large datasets, exceptionally powerful for our needs and amenable to customization via Python scripts
(python.org, RRID:SCR _008394). This section of the results introduces how to visualize RC1 networks
in Tulip and summarizes key findings Tulip has enabled.

At this writing RC1 contains 1.3 million annotations, 12519 nodes and 26540 edges. Tulip pro-
vides a rapid method for extracting and analyzing relationships among the different nodes (cell classes)

and edges (synaptic, adherens, gap junction and other node adjacency classes). If one wished to visualize
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the dense mesh of networks, searching a table or conventional 2D adjacency matrix is challenging and
time-consuming and is usually restricted to 1-hop correlations, but there are a range of alternative graph-
ical layout algorithms. Random layout schemas are adequate for small networks, but the scale of nodes
and edges in RC1 make a random layout unusable (Fig. 17A). What we seek are layouts that aggregate
related nodes and edges and separate them from other dense nodes, such as the hierarchical bubble-tree
layout (Grivet et al., 2006) that puts heavily connected nodes at the hub of a circle and its immediate rel-
atives on its rim (Fig. 17B). The important feature of this approach is that it positions related edges and
nodes into distinct hubs in a fast, reproducible way. But it doesn’t necessarily provide enough separation
for visualizing relationships across hubs, and many of them overlap. Avoiding this “clutter” is the do-
main of a set of approaches known as force-directed graphs that treat the database of connections as a
physical model of repulsions and attractions. The Frutcherman-Reingold (FR) algorithm (Frutcherman
and Reingold, 1991) leads to excellent hub separation (Fig. 17C) and, when combined with edge-
bundling (e.g. Holten and van Wijk, 2008) to decrease the clutter of paths between nodes, creates a very
clean layout of RC1 (Fig. 17D). We also used a faster algorithm, the Fast Multilevel Multipole (FMM)
approach with edge bundling that leads to good edge but not node separation (Fig. 17E), that can be
simplified by deleting unrelated partners for a specific network or specifying a node and a series of hops
(1, 2, etc) to other nodes (Fig 17F). It is very important to understand that these graphs are not spatial
layouts of the retina but rather layouts of the retina’s connection graph.

[Figure 18 here]

One can start with any node. We used ON cone BC 6120 (Fig. 5) to illustrate a canonical C1 mo-
tif, and initially used Kamada-Kawai (KK) graphing (Kamada and Kawai, 1989) which, despite overlap,

fortuitously spread out cell 6120’s 2-hop neighborhood (Fig. 18A). When queried for the connected rod
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BCs, the graph exposed four of them. It is important to understand that we did not intentionally trace the
paths to all four ab initio as part of some guiding hypothesis: three of the paths were discovered as inci-
dental to other network tracing activity. Indeed for future automated tracing (which is not yet possible),
paths will be mapped opportunistically and not intentionally, so the only way to discover network motifs
is through graph exploration. It is also worth noting that the incompletely mapped 2-hop neighborhood
of this ON cone BC in retina connects 1909 other nodes (cells), mostly wide-field YACs coming from
outside the volume. Using a serial KK — FR graph step forced a better separation of the key hub part-
ners of cell 6120 which is separated from four immediate neighbor coupled ON cone BCs, a large target
ON GC, and a massive feedforward target interstitial yYACs (IAC) system that also mediates extensive
AC-GC coupling (Fig. 18B). Notably the C1 motif connections of ON cone BC 6120 are mixed in the
sea of edges between the major hubs.

We can also select richer BCs as nodes since cell 6120 has not been fully mapped. ON cone BC
593 had been completely mapped previously in an attempt to define the projective field of a BC: i.e.
mapping all the output partners of one BC. Taking the 2-hop neighborhood of cell 593 with FMM graph-
ing, bundling, and pruning of unrelated cells reveals that this ON cone BC drives no fewer than 14 C1/
C2 motifs (Fig. 18C). It is likely that the true number of motifs driven is higher since many of the ON
cone BC — AC hops from cell 593 terminate due to unfinished tracing. But assuming the average ON
cone BC drives at least 10 C1/C2 motifs and that there are over 100 ON cone BCs in RC1, it is reason-
able to conclude that there are no fewer than 1000 C1/C2 motifs in the volume. Since we have about 100
rod BCs that suggests at least 10 apiece. Taking heavily annotated rod BC 518 and tracing its inputs we
find 11 AC partners sourced by ON cone BCs (Fig. 18D), consistent with the mean of five completely

annotated rod BCs (12 £ 4 motifs, mean £ 1 standard deviation, n = 5 rod BCs). While these motifs ap-
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pear sparse in the context of all their surrounding connections in the retina, they are actually abundant on
a per/rod basis.

[Figure 19 here]

A different way to use network graphs is to expose a motif in the entire dataset. Using Python
regex plug-ins for Tulip developed at the University of Utah Scientific Computing and Imaging Institute,
we are able to selected various motifs in the midst of all RC1 connections. With a bubble-tree display
we show the labeled ON cone BC — AC — rod BCs C1/C2 motifs in RC1 (Fig. 19A). There are many
more such motifs that are incompletely labeled and not displayed. So we can now ask the question of
whether there are any such 2-hop paths starting with OFF cone BCs. And amidst the >12,000 nodes and
>26,000 edges we found one candidate (Fig. 19B). The power of the network graph approach is that we
are immediately able to jump into the ultrastructural volume to examine a graph connection. In this case
we discovered an annotation error: the candidate OFF cone BC path was not valid. There are no pure
OFF cone BC — AC — rod BC paths. However, graph exploration found ON-OFF GACs that form C2
motifs, suggesting that the ON cone BC arm is always required for direct crossover to rod BCs.

C4 and C5 motifs (OFF cone BC — AC — Al YAC) are readily detected (Fig. 19C) even though
many of the AC — Al yAC synapses (n=718) have yet to be traced to their sources. Finally, the basic
ON cone BC feedback network in RC1 (ON cone BC — AC — ON cone BC) is extremely rich and
breaks out into functional clusters that correlate directly with major ON cone BC classes (CBb3, CBb3n,
CBb4, CBb4w, CBbS5). In general most 2-hop inhibitory connections are made in-class (e.g. CBb3 —
AC — CBb3) but many 2-hops specifically cross CBb classes (Fig. 19D). Thus the notion of cone to rod
crossover in the ON system is presaged by the class-divergence of basic lateral feedback of the retina.

Using this framework we can estimate probabilities for crossover motif discoveries in general.
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Assuming we have 300 bipolar cells and 300 amacrine cells in the volume, a random selection of all
possible edges connecting them classes would produce 269069 or 9 x 10108190 pogsible networks
(Harary and Palmer, 1973). If we presume that we could aggregate these according to their class motifs
based on 12 known classes of BCs and = 30 classes of ACs, we can reduce this to 22D or 2.3 x 10518
Of course the retina is not randomly connected, but how much noise might there be and might crossover
motifs be accidents? Finding the possible versus realized motifs in any real network (known as the sub-
graph isomorphism problem) is one of the most computationally challenging tasks in graph theory and is
especially difficult for biological systems (Wong et al., 2012). We can only crudely estimate the realized
set of networks in RC1 by using specific Tulip query plug-ins to expose the subgraphs induced by the
richest nodes in RC1: = 100 suggesting that, of all the possible networks such a diverse set of nodes
could admit, only about 0.1 % are actually realized. If we assume that we could classify all the randomly
generated networks (which is computationally infeasible) and reduce the RC1 subgraphs to known
classes, same order-of-magnitude result emerges. This is not a formal proof but it implies that the proba-
bility that crossover motifs found in multiple copies arose from a random selection is << 0.001. Put an-
other way, if biological noise accidentally created crossover motifs, the fact that we have found no valid
OFF cone BC — AC — rod BC motifs shows that the rate of that class of noise can be no greater than
(total BC feedback motifs in RC1)! or = 1 x 10-4. Similar analyses can be applied to every motif and the

overall conclusion is that rod-cone crossover is pervasive, albeit sparse, and not accidental.

[Figure 20 here]

Synaptic Weights
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Though each rod BC receives =10 C1/C2/C3 motifs, inhibition is still dominated by AI yACs
that provide 70-85% of the total inhibitory synapses on a rod BC. But the numerical fraction of synapses
alone likely does not adequately reflect the strength of inhibition. The Viking annotation environment
(Anderson et al., 2011a) is unique among connectomics tools and explicitly maps presynaptic and post-
synaptic density (PSD) sizes and locations, allowing comparison of synapses from different cells. Figure
20 shows that rod BC PSDs to C1 inputs have much larger maximum diameters (608 + 248 nm, mean =+
1SD, n = 194) than rod BC PSDs to AI YAC synapses (336 = 112, n = 132), which corresponds to = 3
fold larger area (heteroscedastic t-test p < 10-24; Kolmogorov-Smirnov test p <3 x 10-2?). If the GABA
receptor cohorts of C1 and AI YAC PSDs are similar (and this is not certain), this increased area nearly
equalizes the weights of C1 and AI yAC synapses onto rod BCs. Hence, these novel cone BC inhibitory
surrounds onto rod BCs might inhibit rod BCs as effectively as rod BC inhibitory surrounds onto each
other via the Al yACs.

Al yACs are traditionally described as exclusively rod BC feedback cells via reciprocal synapses
with rod BCs, so their potential role in rod-cone crossover suppression via C4 and C5 motifs is novel
and unexpected. It is also appears to be numerically powerful. We have found 60-100 motif C4 synapses
on each of five deeply mapped Al yACs. All currently identified OFF cone BC classes initiate C4 mo-
tifs. Some motif C4 synapses onto Al YAC are also the largest ever reported in retina (Fig. 8D, 9C), with
PSD diameters exceeding 2 um. Figure 20B shows the comparison of the PSD diameters of synapses
made by C4 motif ACs onto Al YACs (836 = 400 nm, n = 83) and synapses made by the same motif cells
onto OFF cone BCs (410 + 134 nm, n=47), which corresponds to an area ratio of = 4 (heteroscedastic t-
test p < 10-13; Kolmogorov-Smirnov test p < 3 x 10-24; here the difference between the t-test and KS is

due to the clear non-normality and skew of the motif C4 sizes). This high synaptic weighting of the C4
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AC synapses onto Al yYAC may make this pathway especially effective. And when combined with C6
inputs, this argues that all arms of the cone pathway inhibits rods through every synapse on the rod BC

terminal.

[Figures 21 and 22 here]

Discussion
All rod and cone channels engage lateral inhibitory motifs

We have identified thirteen photopic-scotopic lateral inhibitory motifs (Fig. 21) that provide both
fine-grain and coarse grain interactions among rod and cone BCs via wide-field YACs and narrow-field
GAC:s (Fig. 22). Specifically, light absorbed by cones ultimately injects antagonistic signals into rod
BCs by at least seven motifs (C1-C6, CR), and light absorbed by rods injects antagonistic signals into
cone BCs by seven motifs (R1-5, R25, CR). These motifs converge on target BCs with algebraic signal
polarities of antagonistic surrounds: hyperpolarizing for ON and depolarizing for OFF BCs. Importantly,
every rod BC mapped in RCI receives direct inhibition from cone-driven ON YACs or GACs. Every
known cone BC class drives these motifs. Thus, there appears to be no cone-driven activity in rabbit that
does not lead to inhibition of rod BCs. Similarly, every cone BC receives inhibition that originates in
one or more of the R1-5 motifs. There are =10-12 known classes of cone BCs (MacNeil et al., 2004) ,
but we have not yet determined whether different cone BC classes have preferred rod inhibition motifs.

It appears that all rod-driven activity leads to inhibition of nearby cone BCs.
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Are these all the motifs? We believe so for three reasons. First, in mapping rod-cone cross-sup-
pression between 104 rod BCs and 298 cone BCs, these are the basic motifs found and some are clearly
dominant, e.g. C1, C4, R1, R3, with hundreds to thousands of copies. If new motifs are to be found, the
probability that it is not one of those already found in our 4,766 motif examples is < 0.02%. This does
not mean there are none to find, but that they must be even sparser than motifs C3 or R3, for example.
Certainly any new motifs could not dominate cross-suppression. Second, while there are many GAC and
YAC classes we have yet to delineate (e.g. YACs selective for specific BC classes), their participation in
single- or two-stage cross-suppression motifs would be subsumed in the motifs we report here (Fig. 19).
Third, what about further concatenations? The above arguments make discovery of a dominant concate-
nated motif different from the nested synapses that all motifs already exhibit very difficult to conceive or
illustrate. The extensive nesting of AC synapses in retina (Marc and Liu, 2000) implies that very long
chains will be common, but that concatenations beyond two ACs will be mostly ineffective, unless un-
usual mechanisms exist to extract long-latency, low-gain signals (Marc and Liu, 2000; Marc et al.,

2013). On balance, discovery of further motifs that would not be part of an existing form seems unlikely.

The rod BC axon terminal

It has actually been expected that, largely based on physiological data, that amacrine cells other
than Al YACs would provide synaptic input to rod BCs (e.g. Chavez et al., 2010). Given our quantitative
directed mapping of =800 AC synapses on 104 rod BCs terminals, we conclude that every rod BC is
contacted by at least seven different cell classes (Al YACs, AIl GACs, and ACs driving motifs C1, C2,
C3, CR and R5). Since is it clear that individual yACs serving different classes of ON cone BCs (CBb3,

3n, 4, 4w etc) might be functionally different but anatomically similar, and since Al YACs in rabbit are a
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superclass composed of S1 and S2 yACs, the true number of different contacts might be closer to 12. In
any case this is broadly consistent with a finding by Sterling and Lampson (1986) based on combinatori-
al patterns produced by monoclonal antibodies targeting four unspecified antigens: that rod BCs in cat
contact eight different types of synapses. However we do not support their argument that all non-AIl
GAC:s are reciprocal and receive ribbon input. Indeed, C1, C2 and C3 motifs do not make ribbon con-
tacts in rabbit. This could be a difference in wiring between carnivores and lagomorphs.

C2 motifs also partly explains the presence of glycine-activated anion currents on mammalian
rod BCs (Chavez and Diamond, 2008; Merkve and Hartveit, 2009; Moore-Dotson et al., 2015). All of
the C2 motifs we have found (but one) are driven exclusively by ON cone BCs. That one instance, cell
5280, is driven by six different ON cone BCs and receives a single OFF cone BC ribbon as it passes
through the OFF layer. This may explain why Chavéz and Diamond (2008) find that both ON and OFF
bipolar cell pharmacologies can drive glycine currents on rod BCs, but our data show that the ON sys-
tem is the dominant driver. Ultimately, the real effect of crossover will have to be determined physiolog-
ically using a mesopic preparation, which is a very challenging proposition. But given the different
weights and timing attributes of GABAA, GABA( and glycine receptor driven currents on rod BC ter-
minals (Moore-Dotson et al., 2015), the potential for cones to partly suppress rod light responses would
seem substantial. The obvious next option is to build a model of the rod BC terminal using the synapse
numbers and weights we have described and the current collection of receptor features (Chavez and Di-
amond, 2008; Chavez et al., 2010; Moore-Dotson et al., 2015).

Another issue of import regarding rod BC terminals is that we cannot yet distinguish class S1
and S2 cells that together form the Al YAC superclass. As shown by Vaney (1986) using in vivo sero-

tonin loading and Zhang et al., (2002) with confocal imaging of Al YAC, rod BC and GABA receptor
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markers, an S1 YAC has an arbor about 5x-10x the diameter of our RC1 volume and an S2 yAC has an
arbor about 2x the diameter of RC1. Thus we do not expect to be able to differentially map their arbors
using existing connectomics technologies. Neither is there a distinctive feature that enables us to dis-
criminate their somas. There are = 13 AI YACs in the volume validated by their contacts with rod BCs,
but those cells would have most of their rod BC contacts outside the volume. As the S1/S2 ratio in rabbit
retina is = 1:1 (Vaney, 1986) and every Al YAC in RC1 is studded with = 100 C4 and C5 motifs, we con-
clude that crossover networks control both S1 and S2 AI yACs. Based on the calculations of Zhang et
al., (2002), the majority of the presynaptic Al yAC terminals in the volume will come from class S2 cells
and we do not yet have a signature that distinguishes them. However we do have instances of small gap
junctions between Al yAC processes and this may help us map the more strongly coupled S1 AI yACs
(Li et al., 2002; Zhang et al., 2002). But our basic conclusion is that both S1 and S2 AI YACs are targets
of crossover motifs driven by OFF cone BCs. The puzzling feature of this connectivity is the view that

Al yYACs are not electrotonically compact (Grimes et al., 2010) and that their synaptic terminals act in-

dependently. But our data suggest that this cannot be true, especially for the core dendrites. The super-
abundance of C4 and CS5 synapses is not consistent with a non-compact model and it may be that the
nearest processes of Al YACs, which are actually quite large in caliber, are strongly influenced by C4 /
C5 connections. This could make the central core of the S2 AI YAC in particular very compact, and since
S2 cells dominate the synaptic input to rod BCs (Zhang et al., 2002), cone to rod crossover via the OFF
pathway could be quite effective. Why S1 AI YACs have C4 and C5 motifs remains unclear if such sig-
nals cannot reach their terminal endings. And it is further puzzling that S1 AI yACs engage in homocel-
lular coupling (L1 et al., 2002) if they are electronically non-compact. C1 motifs are driven by wide-field

vACs whose processes are often an order of magnitude thinner than the large dendrites of AT YACs, yet
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must be effective over 100 um or more since the spacing of inputs and outputs is very sparse along some
of the longest C1 processes that span the entire RC1 volume. Of course it is expected that wide-field,
cone BC driven cells will be spiking neurons. Clearly more exploration of Al YACs is in order. We, in

fact, suspect that Al yACs are far more compact than previously modeled.

Rod-cone cross-suppression motifs are consistent with winner-take-all decision networks.

Mutual rod-cone suppression during mesopic state in humans appears to operate in a winner-
take-all mode (e.g. Stabell and Stabell, 1998; Stabell and Stabell, 2002) and such networks are classical-
ly considered inhibitory (Yuille and Grzywacz, 1989; Bogacz, 2007b; Kurt et al., 2008; Oster et al.,
2009). Inhibitory networks can be wired as feedback, feedforward, and lateral inhibitory motifs, each
with opportunities for nesting (Marc and Liu, 2000; Marc et al., 2013). Currently, there is no known
synaptic motif uniquely associated with winner-take-all networks, but strong lateral inhibition between
different channels is an absolute requirement. The finding that crossover motifs involve significantly
larger PSDs (even when the same AC makes synapses on non-crossover targets) implies that the cross-
over networks are more potent. We have arguably found the first complete candidate motifs for winner-
take-all operations ever documented in retina and have shown that they are pervasive (over 7000 in-
stances in RC1). These motifs comprise lateral inhibition across separate parallel processing streams, a
predicted hallmark of winner-take-all architecture. Importantly, these results suggest that winner-take-all
architectures are not single motifs but rather collections that perform network quorum operations for a
patch of the retina or, by extension, for a volume segment of brain. Since it is difficult to conceive of

any other motifs that could dominate rod-cone cross-suppression, we believe the most important ques-
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tion is: Why are there are so many types and what aspects of crossover-suppression does each mediate?
The answer to that is undoubtedly hidden in the fine-scale physiological tuning of each motif.

Bipolar cell inhibition is mediated by GABAa, GABAC(, and glycine receptors that activate chlo-
ride currents (Eggers and Lukasiewicz, 2006; Chavez and Diamond, 2008; Chavez et al., 2010; Eggers
and Lukasiewicz, 2010; Moore-Dotson et al., 2015). We can roughly assess the magnitudes of those cur-
rents based on PSD sizes, presumed channel conductances, and synaptic chain amplification. Synaptic
chain amplification is a gross measure of a motif’s likely power and is based on the idea that glutamate
gated cation current gains are usually >>1 (Copenhagen et al., 1990; Yang and Wu, 2004) and that in-
hibitory synaptic gain are <1 (Wu, 1991; Maltenfort et al., 1998). Thus glutamate gains of n? are com-
mon to all C motifs, but ON cone BC motifs are more powerful than than OFF cone BC motifs by a fac-
tor of 1/p on a per-instance basis. The price of inverting the OFF the signal could be balanced by in-
creasing synapse numbers. This may explain why C4 and C5 motifs are several fold more abundant
than C1 or C2 motifs. Considering the R1, R2 and R4, R5 chains suggests that they should be more po-
tent than ON channel C motifs by a factor of = n/p, which may equalize them (ON C motif chains have
a gain of n?p and R motif chains have a gain of n’p? or n’pc). But the ultimate key to winner-take-all
systems may depend less on per-chain weights or synapse density and more on timing (e.g. Moore-Dot-
son et al., 2015), which connectomics cannot resolve. As noted above, fine-grain stimuli that activate
narrow field GACs could control rod BCs with just a few synapses. Physiological measurement of rod-
cone crossover inhibition will be essential to discover the timing features of these motifs, and we pro-

vide a cellular candidate list to guide such efforts.
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Functional roles of rod-cone crossover

Remarkably, pathologic states exist that interfere with rod-cone switching networks, lending ad-
ditional insight into their function. Monocular form deprivation in juvenile macaques prevents matura-
tion of normal photopic spectral sensitivity envelopes with trichromatic opponency (Sperling and Harw-
erth, 1971), instead producing a simple achromatic rod-dominated envelope in the deprived eye, even at
photopic levels (Harwerth et al., 1990). Human amblyopia elicits a milder defect where red-green lateral
inhibition in spectral sensitivity is attenuated (Harwerth and Levi, 1977). As rods can operate at photopic
levels in the absence of cone-driven suppression (Aguilar and Stiles, 1954), rod-cone crossover suppres-
sion networks may be critical in stabilizing perception and especially susceptible to altered developmen-
tal experience. These findings suggest that critical period events that have powerful effects on central
mechanisms may also have exceptionally potent influences on the maturation of retinal synaptic net-
work, presaged by the findings of Ikeda and Wright (1976) and strongly demonstrated by Tian and
Copenhagan (Tian and Copenhagen, 2001; Tian, 2011).

There may be further roles of altered crossover states in retinitis pigmentosa. Cone flicker detec-
tion after dark adaptation is significantly suppressed when rod dark adaptation levels are reached (Gold-
berg, et al. 1983). A similar paradigm where subjects were asked to detect flicker identified some sub-
jects who experienced a marked rod inhibition of cone flicker detection with the rod inhibition of cone
flicker detection absent in X-linked retinoschisis and at various levels in cases of retinitis pigmentosa
(Arden & Hogg, 1985). This suggests that the remodeling or reprogramming of crossover networks in
the inner plexiform layer may be engaged before it is grossly visible as a disruption of retinal architec-

ture (Marc et al., 2003; Jones et al., 2011).
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Rod-cone crossover lateral inhibitory networks may also serve hue and contrast tuning. Rabbits
are photopic dichromats with blue cones and green cones (Caldwell and Daw, 1978); humans are
trichromats with red, green and blue cones. The addition of rod signals to cone pathways often mimics a
blue channel (Trezona, 1970; Buck, 1997; 2014) and, in principle, rod BC inhibition motifs surrounding
cone BCs in rabbit could form de facto green cone center / blue-cone-mimicking rod surround networks.
We have shown that all cone BCs engage crossover suppression, so blue-cone driven ON cone BC/rod
BC opponency should also exist, perhaps via motif C6, consistent with the observation that rod interac-
tions can lead to a wide range of hue shifts in humans (Stabell and Stabell, 2002; Thomas and Buck,
2006), likely through both opponent and additive (Buck, 2014) processes. These chromatic percepts can
even be induced in blue cone monochromacy (Young and Price, 1985), where the only possible oppo-

nent pigment is rhodopsin, yielding pure blue/rod opponent systems.

Future Directions

Rabbit rod-cone interaction architectures are relevant for primates, as human rod-cone interac-
tions involve peripheral retina (Trezona, 1973; Buck, 2004; Thomas and Buck, 2006), a region stereo-
typed across mammals (Jeon et al., 1998). Though the human foveola is rod free (Curcio et al., 1987)
and lacks AIl GACs (Kolb et al., 2002), the rod-free zone is so small (= 0.2 mm) that crossover motifs
from wide-field YACs (Bloomfield, 1992; MacNeil et al., 1999) could certainly reach surrounding rod
networks and some GAC networks likely could as well. A definitive proof will require assembly of a

primate retinal connectome.
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Data Accessibility

RCI1 is open access. Both the entire RC1 dataset and the software required to view it are openly
available through connectomes.utah.edu. Visualizing both images and annotation requires the Viking
Viewer (Anderson et al., 2011a). Access to the dataset does not require that the user install the data lo-
cally. The Viking Viewer is based on a web service that requests a patch of images from the Viking serv-
er at the University of Utah and passes the necessary transforms for piecing them into a seamless dis-
play. For security we require account registration to write to the database. Read-only access may be done
anonymously. The Viking database may similarly be accessed with a variety of tools. Viz Network, Viz
Structure etc. are a set of tools to explore network connectivity and cell morphology using the GraphViz
API (graphviz.org). We used Matlab 2009b (mathworks.com, RRID:SCR_001622), Matlab Database
Toolbox, and the Matlab Compiler to build VikingPlot as a basic 3D rendering tool. This tool is also
available but requires a Matlab license. Recently we created a faster web-based tool that requires no li-
censing to visualize sets of RCI cells. Finally, we have a set of exporting tools to enable the use of free
Tulip data visualization software (tulip.labri.fr) in both the network and morphology modes via web
commands (connectomes.utah.edu/export/files.html) or a direct data entry mode (websvcl.connec-
tomes.utah.edu/Export/). Searching Tulip for specific RC1 motifs requires a Python plug-in available
upon request. All of the raw data are publicly available either as a direct download onto user media (= 16
Tb raw data plus = 30 Tb optimized image pyramid files for display) or via rsync upon request. All of
the final image *.psds with all layers, navigational *.xml files for every image, and data tables are pub-

licly available at marclab.org/crxo.
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RRID Resources Cited

Antibodies: Signature Immunologics, Inc., Torrey, UT (www.immunologics.com); IgGs targeting
1-amino-4-guanidobutane (B100R, RRID AB 2532053), aspartate (D100R, RRID AB 2341093),
GABA (YY100R, RRID AB_2532061), glycine (G100R, RRID AB_2532057), glutamate (E100R,
RRID AB_2532055), glutamine (Q100R, RRID AB_2532059) or taurine (TT100R, RRID
AB 2532060).

Software: GraphViz (graphviz.org) developed by AT&T Research, RRID SCR-002937. Blender,
(blender.org), RRID SCR-008606. Python, (python.org) Python Programming Language,
RRID:SCR_008394. Matlab (mathworks.com), RRID:SCR_001622. Viking (connectomes.utah.edu/,

RRID:SCR_005986).

Page 39 of 48


http://www.immunologics.com
http://graphviz.org
http://blender.org
http://python.org
http://mathworks.com
http://connectomes.utah.edu

RET-JCN-16-0018-Revision 1

Literature Cited

Aguilar M, Stiles WS. 1954. Saturation of the rod mechanism of the retina at high levels of stimulation.
Opt Acta (Lond) 1:59-65.

Alpern M. 1978. The eyes and vision. In: Driscoll WG, Vaughn W, eds. Handbook of Optics. 1st ed.
New York: McGraw-Hill. p 12-21.

Anderson JR, Grimm B, Mohammed S, Jones BW, Spaltenstein J, Koshevoy P, Tasdizen T, Whitaker R,
Marc RE. 2011a. The Viking Viewer: Scalable multiuser annotation and summarization of large con-
nectomics datasets. J Microscopy 241:13-28.

Anderson JR, Jones BW, Watt CB, Shaw MV, Yang J-H, DeMill D, Lauritzen JS, Lin Y, Rapp KD, Mas-
tronarde D, Koshevoy P, Grimm B, Tasdizen T, Whitaker R, Marc RE. 2011b. Exploring the retinal
connectome. Molecular Vision 17:355-379.

Anderson JR, Jones BW, Yang J-H, Shaw MV, Watt CB, Koshevoy P, Spaltenstein J, Jurrus E, UV K,
Whitaker R, Mastronarde D, Tasdizen T, Marc RE. 2009. A computational framework for ultrastruc-
tural mapping of neural circuitry. PLoS Biol 7(3):e1000074

Arden GB, Hogg CR. 1985. Rod-cone interactions and analysis of retinal disease. Br J Ophthalmol 69:
404-415.

Ashby FG, Alfonso-Reese LA, Turken AU, Waldron EM. 1998. A neuropsychological theory of multiple
systems in category learning. Psycholological Review 105: 442-481.

Blake R. 1989. A neural theory of binocular rivalry. Psychological Review 96:145-167.

Page 40 of 48



RET-JCN-16-0018-Revision 1

Bloomfield SA. 1992. Relationship between receptive and dendritic field size of amacrine cells in the
rabbit retina. J Neurophysiol 68:711-725.

Bogacz R. 2007. Optimal decision network with distributed representation. Neural Networks
20:564-576.

Buck SL. 1997. Influence of rod signals on hue perception: evidence from successive scotopic contrast.
Vision Res 37:1295-3101.

Buck SL. 2004. Rod-cone interactions in human vision. In: Chalupa LM, Werner J, eds. Visual Neuro-
sciences. Vol 1. Cambridge, MA: MIT Press. p 863-878.

Buck SL. 2014. The interaction of rod and cone signals: Pathways and psychophysics. In: Werner J,
Chalupa LM, eds. The New Visual Neurosciences. Cambridge, MA: MIT Press. p 485-497.

Caldwell JH, Daw NW. 1978. New properties of rabbit retinal ganglion cells. J Physiol 276:257-276.

Chavez AE, Diamond JS. 2008. Diverse mechanisms underlie glycinergic feedback transmission onto
rod bipolar cells in rat retina. J Neurosci 28: 7919-7928.

Chavez AE, Grimes WN, Diamond JS. 2010. Mechanisms underlying lateral GABAergic feedback onto
rod bipolar cells in rat retina. J Neurosci 30:2330-2339.

Copenhagen DR, Hemild S, Reuter T. 1990. Signal transmission through the dark-adapted retina of the
toad (Bufo marinus). Gain, convergence, and signal/noise. J Gen Physiol 95:717-732.

Curcio CA, Sloan KRJ, Packer O, Hendrickson AE, Kalina RE. 1987. Distribution of cones in human
and monkey retina: individual variability and radial asymmetry. Science 236:579-582.

Davis GW. 2006. Homeostatic control of neural activity: from phenomenology to molecular design. Ann

Rev Neurosci 29:207-323.

Page 41 of 48



RET-JCN-16-0018-Revision 1

Eggers ED, Lukasiewicz PD. 2006. GABA(A), GABA(C), and glycine receptor-mediated inhibition dif-
ferentially affects light-evoked signaling from mouse retinal rod bipolar cells. J Physiol
572:215-225.

Eggers ED, Lukasiewicz PD. 2010. Interneuron circuits tune inhibition in retinal bipolar cells. J Neuro-
physiol 103:25-37.

Frutcherman TMJ, Reingold EM. 1991. Graph drawing by force-directed placement. Software-Practice
and Experience 21:1129-1164.

Goldberg SH, Frumkes TE, Nygaard RW. 1983. Inhibitory influence of unstimulated rods in the human
retina: evidence provided by examining cone flicker. Science 221, 180-182.

Grimes WN, Zhang J, Graydon CW, Kachar B, Diamond JS. 2010. Retinal parallel processors: more
than 100 independent microcircuits operate within a single interneuron. Neuron 65:873-885.

Grivet S, Auber D, Domenger JP, Melancon G. 2006. Bubble tree drawiong algorithm. In: Woj-
ciechowski K, Smolka B, Palus H, Kozera RS, Skarbek W, Noakes L, eds. Computer Vision and
Graphics. Vol 32. Computational Imaging and Vision: Springer Netherlands. p 633-641.

Harary F, Palmer EM. 1973. Graphical Enumeration. New York: Academic Press.

Harwerth RS, Levi DM. 1977. Increment threshold spectral sensitivity in anisometropic ambylopia. Vi-
sion Res 17:585-590.

Harwerth RS, Smith ELI, Crawford MLJ, von Noorden GK. 1990. Behavioral studies of the sensitive
periods of development of visual functions in monkeys. Behav Brain Res 41:179-198.

Hobson EN. 1975. Feeding patterns of tropical reef fishes. American Scientist 63:382-392.

Holten D, van Wijk JJ. 2008. Force-directed edge bindling for graph visualization. IEEE-VGTC Sympo-

sium on Visualization 28:1-8.

Page 42 of 48



RET-JCN-16-0018-Revision 1

Hornstein EP, Verweij J, Li PH, Schnapf JL. 2005. Gap-junctional coupling and absolute sensitivity of
photoreceptors in macaque retina. J Neurosci 24:11201-11209.

Hughes A. 1972. A schematic eye for the rabbit. Vision Research 12:123-138.

Ikeda H, Wright MJ. 1976. Properties of lateral geniculate nucleus cells in kittens reared with conver-
gent squint. A neurophysiological demonstration of amblyopia. Experimental Brain Research 25:63-
77.

Ingling CRJ, Lewis AL, Loose DR, Myers KJ. 1977. Cones change rod sensitivity. Vision Res
17:555-563.

Jeon CJ, Strettoi E, Masland RH. 1998. The major cell populations of the mouse retina. Journal of Neu-
roscience 18(21):8936-8946.

Kalloniatis M, Marc RE, Murry RF. 1996. Amino acid signatures in the primate retina. Journal of Neu-
roscience 16:6807-6829.

Kamada T, Kawai S. 1989. An algorithm for drawing general undirected graphs. Information Processing
Letters 31:7-15.

Kolb H, Nelson R, Mariani A. 1981. Amacrine cells, bipolar cells and ganglion cells of the cat retina: a
Golgi study. Vision Research 21:1081-1114.

Kolb H, Zhang L, Dekorver L, Cuenca N. 2002. A new look at calretinin-immunoreactive amacrine cell
types in the monkey retina. J Comp Neurol 453:168-184.

Kurt S, Deutscher A, Crook JM, Ohl FW, Budinger E, Moeller CK, Scheich H, Schulze H. 2008. Audi-
tory cortical contrast enhancing by global winner-take-all inhibitory interactions. PLoS ONE

3(3):el735.

Page 43 of 48



RET-JCN-16-0018-Revision 1

Lauritzen JS, Anderson JR, Jones BW, Watt CB, Mohammed S, Hoang JV, Marc RE. 2012. ON cone
bipolar cell axonal synapses in the OFF inner plexiform layer of the rabbit retina. J Comp Neurol
521:977-1000

Li W, Zhang J, Massey SC. 2002. Coupling pattern of S1 and S2 amacrine cells in the rabbit retina. Vis
Neurosci 19:119-131.

MacNeil MA, Heussy JK, Dacheux RF, Raviola E, Masland RH. 1999. The shapes and numbers of
amacrine cells: Matching of photofilled with Golgi-stained cells in the rabbit retina and comparison
with other mammalian species. Journal of Comparative Neurology 413(2):305-326.

MacNeil MA, Heussy JK, Dacheux RF, Raviola E, Masland RH. 2004. The population of bipolar cells
in the rabbit retina. ] Comp Neurol 472:73-86.

Maltenfort MG, Heckman CJ, Rymer WZ. 1998. Decorrelating actions of Renshaw interneurons on the
firing of spinal motoneurons within a motor nucleus: a simulation study. Journal of Neurophysiology
80:309-323.

Marc RE. 1999a. Kainate activation of horizontal, bipolar, amacrine, and ganglion cells in the rabbit
retina. Journal of Comparative Neurology 407(1):65-76.

Marc RE. 1999b. Mapping glutamatergic drive in the vertebrate retina with a channel-permeant organic
cation. Journal of Comparative Neurology 407(1):47-64.

Marc RE. 2004. Retinal Neurotransmitters. In: Chalupa LM, Werner J, eds. The Visual Neurosciences.
Vol 1. Cambridge, MA: MIT Press. p 315-330

Marc RE, Anderson JR, Jones BW, Sigulinsky CL, Lauritzen JS. 2014a. The AIl Amacrine Cell Connec-

tome: A Dense Network Hub. Frontiers in Neural Circuits 8.

Page 44 of 48



RET-JCN-16-0018-Revision 1

Marc RE, Anderson JR, Jones BW, Watt CB, Lauritzen JS. 2013. Retinal Connectomics: Towards com-
plete, accurate networks. Prog Retin Eye Res 37:141-162.

Marc RE, Jones BW. 2002. Molecular phenotyping of retinal ganglion cells. Journal of Neuroscience
22:412-4217.

Marc RE, Jones BW, Lauritzen JS, Watt CB, Anderson JR. 2012. Building Retinal Connectomes. Cur-
rent Opinion in Neurobiology 22:568-574.

Marc RE, Jones BW, Sigulinsky C, Anderson JR, Lauritzen JS. 2014b. High-Resolution Synaptic Con-
nectomics. In: Adams D, ed. New techniques in neuroscience: Physical, optical, and quantitative ap-
proaches. Vol in press: Springer.

Marc RE, Liu W. 2000. Fundamental GABAergic amacrine cell circuitries in the retina: nested feedback,
concatenated inhibition, and axosomatic synapses. Journal of Comparative Neurology 425(4):
560-582.

Marc RE, Murry RF, Basinger SF. 1995. Pattern recognition of amino acid signatures in retinal neurons.
Journal of Neuroscience 15(7 Pt 2):5106-5129.

Meredith RW, Janecka JE, Gatesy J, Ryder OA, Fisher CA, Teeling EC, Goodbla A, Eizirik E, Simao
TLL, Stadler T, Rabosky DL, Honeycutt RL, Flynn JJ, Ingram CM, Steiner C, Williams TL, Robin-
son TJ, Burk-Herrick A, Westerman M, Ayoub NA, Springer MS, Murphy WJ. 2011. Impacts of the
Cretaceous Terrestrial Revolution and KPg Extinction on Mammal Diversification. Science
334(6055):521-524.

Moore-Dotson JM, Klein JS, Mazade RE, Eggers ED. 2015. Different types of retinal inhibition have

distinct neurotransmitter release properties. J Neurophysiol 113:2078-2090.

Page 45 of 48



RET-JCN-16-0018-Revision 1

Morkve SH, Hartveit E. 2009. Properties of glycine receptors underlying synaptic currents in presynap-
tic axon terminals of rod bipolar cells in the rat retina. J Physiol 587:3813-3830.

Munz FW, MacFarland WN. 1977. Adaptations of fishes to the photic environment. In: Crescitelli F, ed.
The Visual System in Vertebrates. Vol VII/5. Handbook of Sensory Physiology: . Belin: Springer-
Verlag. p 193-274.

Oster M, Douglas R, Liu SC. 2009. Computation with spikes in a winner-take-all network. Neural Com-
put 21:2437-2465.

Pang JJ, Gao F, Lem J, Bramblett DE, Paul DL, Wu SM. 2009. Direct rod input to cone BCs and direct
cone input to rod BCs challenge the traditional view of mammalian BC circuitry. Proc Natl Acad Sci
U S A 107:395-400.

Raynauld JP, Laviolette JR, Wagner HJ. 1979. Goldfish retina: a correlate between cone activity and
morphology of the horizontal cell in clone pedicules. Science 204:1436-1438.

Sandell JH, Masland RH, Raviola E, Dacheux RF. 1989. Connections of indoleamine-accumulating cells
in the rabbit retina. Journal of Comparative Neurology 192:303-313.

Sperling HG, Harwerth RS. 1971. Red-green cone interactions in the increment-threshold spectral sensi-
tivity of primates. Science 172:180-184.

Stabell B, Stabell U. 1998. Chromatic rod-cone interaction during dark adaptation. J Opt Soc Am A Opt
Image Sci Vis 15:2809-2815.

Stabell B, Stabell U. 2002. Effects of rod activity on color perception with light adaptation. J Opt Soc
Am A Opt Image Sci Vis 19:1249-1258.

Sterling P, Lampson L. 1986. Molecular specificity of defined types of amacrine synapse in cat retina. J

Neurosci 6:1314-1324.

Page 46 of 48



RET-JCN-16-0018-Revision 1

Strettoi E, Dacheux RF, Raviola E. 1990. Synaptic connections of rod bipolar cells in the inner plexi-
form layer of the rabbit retina. Journal of Comparative Neurology 295:449-466.

Strettoi E, Raviola E, Dacheux RF. 1992. Synaptic connections of the narrow-field, bistratified rod
amacrine cell (AIl) in the rabbit retina. Journal of Comparative Neurology 325:152-168.

Thomas LP, Buck SL. 2006. Foveal and extra-foveal influences on rod hue biases. Vis Neurosci 23:539-
542.

Tian N. 2011. Developmental mechanisms that regulate retinal ganglion cell dendritic morphology. Dev
Neurobiol 71:1297-1309.

Tian N, Copenhagen DR. 2001. Visual deprivation alters development of synaptic function in inner reti-
na after eye opening. Neuron 32(3):439-449.

Trezona PW. 1970. Rod participation in the 'blue' mechanism and its effect on colour matching. Vision
Res 10:317-332.

Trezona PW. 1973. The tetrachromatic colour match as a colorimetric technique. Vision Res 13:9-25.

Vaney DI. 1986. Morphological identification of serotonin-accumulating neurons in the living retina.
Science 444-446.

Vaney DI. 2004. Retinal amacrine cells. In: Chalupa LM, Werner J, eds. The Visual Neurosciences. Vol
1. Cambridge, MA: MIT Press. p 395-409.

Warrant EJ, Johnsen S. 2013. Vision and the light environment. Current Biology 23:R990-R994.

Werblin FS. 2010. Six different roles for crossover inhibition in the retina: correcting the nonlinearities
of synaptic transmission. Vis Neurosci 27:1-8.

Wong E, Baur B, Quader S, Huang C-H. 2012. Biological network motif detection: principles and prac-

tice. Brief Bioinform 13:202-215.

Page 47 of 48



RET-JCN-16-0018-Revision 1

Wu SM. 1991. Input-output relations of the feedback synapse between horizontal cells and cones in the
tiger salamander retina. J Neurophysiol 65:1197-1206.

Yang XL, Wu SM. 2004. Signal transmission from cones to amacrine cells in dark- and light-adapted
tiger salamander retina. Brain Res 1029:155-161.

Young RS, Price J. 1985. Wavelength discrimination deteriorates with illumination in blue cone mono-
chromats. Invest Ophthalmol Vis Sci 26:1543-1549.

Yuille AL, Grzywacz NM. 1989. A winner-take-all mechanism based on presynaptic inhibition feedback.
Neural Comput 334-347:334-347.

Zhang J, L1 W, Trexler B, Massey SC. 2002. Confocal analysis of reciprocal feedback at rod bipolar

terminals in the rabbit retina. J Neuroscience 22:10871-10882.

Page 48 of 48



