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ON Bipolar Cells in Macaque Retina:
Type-Speci ¢ Synaptic Connectivity
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Counterparts
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! Studio EM-Retina, Satonaka, Nishinomiya, Japart,Department of Biology, Hyogo College of Medicine, Nishinoiya, Japan

To date, 12 macaque bipolar cell types have been described. fis list includes all
morphology types rst outlined by Polyak (1941)using the Golgi method in the primate
retina and subsequently identied by other researchers usig electron microscopy

(EM) combined with the Golgi method, serial section transssion EM (SSTEM), and
immunohistochemical imaging. We used SSTEM for the rod-dese perifoveal area of
macaque retina, recon rmed ON (cone) bipolar cells to be clssied as invaginating

midget bipolar (IMB), diffuse bipolar (DB)4, DB5, DB6, giarbipolar (GB), and blue
bipolar (BB) types, and clari ed their type-speci ¢ connedivity. DB4 cells made reciprocal
synapses with a kind of ON-OFF lateral amacrine cell, simileo OFF DB2 cells. GB cells
contacted rods and cones, similar to OFF DB3b cells. Retinalircuits formed by GB and

DB3b cells are thought to substantiate the psychophysical nding of fast rod signals in
mesopic vision. DB6 cell output synapses were directed to ONnidget ganglion (MG) cells
at 70% of ribbon contacts, similar to OFF DBL1 cells that direled 60% of ribbon contacts

to OFF MG cells. IMB cells contacted medium- or long-wavelegth sensitive (M/L-) cones
but not short-wavelength sensitive (S-) cones, while BB cll contacted S-cones but not

M/L-cones. However, IMB and BB dendrites had similar morphitmgical architectures,

and a BB cell contacting a single S-cone resembled an IMB celThus, both IMB and BB

may be the ON bipolar counterparts of the OFF at midget bipar (FMB) type, likewise
DB4 of DB2, DB5 of DB3a, DB6 of DB1, and GB of DB3b OFF bipolar fye. The ON

DB plus GB, and OFF DB cells predominantly contacted M/L-coes and their outputs

were directed mainly to parasol ganglion (PG) cells but alsmoderately to MG cells.

BB cells directed S-cone-driven outputs almost exclusivel to small bistrati ed ganglion

(SBG) cells. Some FMB cells predominantly contacted S-corseand their outputs were

directed to OFF MG cells. Thus, two-step synaptic connectins largely narrowed down
the S-cone component to SBG and some OFF MG cells. The other GFMG cells, ON

MG cells, and ON and OFF PG cells constructed M/L-cone dominat pathways.

Keywords: monkey retina, ribbon synapse, cone photorecepto
serial section electron microscopy, neural circuits

r, rod photoreceptor, retinal ganglion cell, vision,
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Tsukamoto and Omi Macaque ON Bipolar Cell Connectivity

INTRODUCTION 2015a,) Here we attempt to extend the same analysis to ON
bipolar cells for their further characterization.
Vertebrate retina's bipolar cells terminate close to the S-cones predominantly contact BB cellslafiani, 1984;
photoreceptor layer with one polar neurite and to the ganglionkouyama and Marshak, 19R2The connection of S-cones with
cell layer with the other polar neurite. The bipolar cells playother types of ON bipolar cells appears to be unfavorable but
the central part of neuronal wirings. This observation helpedstill occurs at low frequencies€e et al., 2004; Lee and Griinert,
substantiate Cajal's idea of the independent “neuron” as th2007. Whether S-cones contact any other ON bipolar cell types
primary structural and functional unit of nervous tissu€djal, is critical for understanding chromatic processing. As ated
1893. Based on this notionPolyak (1941xlari ed the cellular  circuital problem, about half the ribbon synapses of the OFF
organization of primate retina. He used the tissue stained bpB1 cell axon terminal are directed to OFF MG cells, so it is an
the Golgi method for light microscopy. Both authors, howeverinteresting question whether any type of non-IMB ON bipolar
could not reveal the precise structure of cellular interfaé@d  cell directs output predominantly to ON MG cells.
ultimately revealed the synaptic cleft between two nervé cel Here, we reconstructed all types of ON (cone) bipolar cell in
membranes, conrming the neuron doctrine. Neverthelessfull for several cells and additionally a number of cells intfir
identi cation of individual synapses in randomly sampled SSTEM. The examination area was an ovoid perifoveal region of
sections does not reveal how neurons are wired into circuitsoughly 100mm in the horizontal axis and 76m in the vertical
A precise description of neuronal circuitry at EM resolution axis. No unclassi ed bipolar cells were left within this aréée
requires high-quality SSTEM. clari ed their neuronal connections through synaptic cootaat
Currently, there are 12 known bipolar cell types in macaquehe ultrastructural level to obtain speci ¢ structural eeitce to
retina (Figure 1), 10 of which were successfully distinguishedanswer our current questions.
by combining Golgi staining with EMEoycott and Dowling,
1969; Kolb et al., 1969; Kolb, 1970; Mariani, 1984; Boycuit a MATERIALS AND METHODS
Wassle, 1991; Boycott and Hopkins, 1p%hd subsequently
conrmed by immunohistochemical stainingQrinert et al., Macaque Monkey Retina
1994; Haverkamp et al., 2003; Puthussery et al.,)200de A series of 817 radial sections was prepared for SSTEM
11th type, the “giant bipolar (GB),” was identi ed hjoo et al. from the perifoveal region of the right retina of a 7-year-old
(2011)through extensive observation of Golgi-stained macaquéemale Japanese monkeyigcaca fuscatab.5 kg). This animal
retina. These authors suggested that GB cell dendrites mayas kindly donated by the psychophysical research group in
participate in cone-selective connections because a single @ (former) Electrotechnical Laboratory of the Ministry of
cell contacted only about half of the cones in its dendritedd.  International Trade and Industry, Japan. This SSTEM sesdes i
However, a more precise characterization of GB cell convigcti the same as that used in previous studiesTeykamoto and
is required to determine whether the sparse innervation oDmi (2014, 2015awhere the details of sample preparation were
cones indeed confers specic chromatic signaling. The 12thescribed. The procedure was performed in compliance with the
bipolar cell type, DB3b, was found by two groups independentlyGuide for the Care and Use of Experimental Animals (Hyogo
Puthussery et al. (2013ijdentied DB3b as a novel type College of Medicine).
distinct from DB3a (formerly DB3) based on immunologicalan
electrophysiological properties, whileukamoto and Omi (2013, Electron Microscopy
2014)identi ed DB3b based on EM showing basal contacts withHere, we brie y describe several key points of our procedures.
both rods and cones. In mice, three OFF types (3a, 3b, and 4) adter dual perfusion with aldehyde xative via (post-vitrechy
one ON type (7) contact both rods and conégataruga et al., in front of the fovea) intraocular and intravascular passage
2007; Tsukamoto et al., 2007; Haverkamp et al., 2008; Tsatkam tissue blocks of retina with intact sclera and choroid were
and Omi, 2013 It is thus of interest to determine if this is isolated, post- xed with a mixture of 2% osmium tetroxide and
a specialization speci ¢ to species heavily reliant on darktlig 1% potassium ferricyanide, and staineud blocwith 3% urany!
conditions or if any primate ON bipolar cells also contact rodsacetate in 80% methanol. Blocks were embedded in Araldite
and cones to form mixed pathways. resin and cut in serial sections at a setting thickness of 0 n
The bipolar cell ON and OFF distinction has been determinedising a Leica UCT ultramicrotome (Leica microsystems, Welzla
by the receptor proteins at the dendritic tips, mGIuR6 for theGermany). Sections were mounted on 120 formvar-coatedesing
ON types and iGluRs (AMPA and kainate) for the OFF typesslot grids and stained with 3% uranyl acetate in 80% methanol
Although, invaginating synapses are prevalent on ON bipolaand Reynolds' lead citrate. These staining protocols provided
dendrites, this positional class of synaptic contact is ne¢eial  su cient image contrast to discriminate ne cytologicaldgures.
for preserving ON polarity but rather is related to the e cacy  Electron micrographs of the section series were acquired at
of neurotransmitter diusion QOeVries et al., 2006; Szmajdaboth 400 and 3000 using a JEM 1220 electron microscope
and DeVries, 2001 Several studiesHppkins and Boycott, (Jeol Ltd., Tokyo, Japan) at the Joint-Use Research Facilfties o
1995, 1996, 1997; Calkins et al., 1996; Chun et al.)1#@& Hyogo College of Medicine. Twenty-four overlapping negative
shown semi-invaginating (or triad-associated) synapse®Mt images were acquired from each individual section at 3068
bipolar dendrites. We previously analyzed the positionalsgas capture a 90 187mm area covering the outer plexiform layer
of basal synapses at OFF bipolar dendriessikamoto and Omi, (OPL) to the ganglion cell layer in a 4 6 montage. These
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FIGURE 1 | Morphology and strati cation of all 12 types of maca que bipolar cells. (A) Five OFF cone bipolar types: at midget bipolar (FMB), diffesbipolar
(DB) 1, 2, 3a, and 3b, and one ON rod bipolar (RB) typgB) Six ON cone bipolar types: invaginating midget bipolar (IMBJliffuse bipolar (DB) 4, 5, and 6, giant bipolar
(GB), and blue bipolar (BB). Each stratum of the IPL (15) is 6 mm thick. Strata 1 2 and 3 5 comprise the OFF and ON sublaminae, respectively.

images were enlarged 4-fold; thus, the nal magnication ofand Lee, 1994; Calkins et al., 1998; Dacey et al.,)2Usihg
prints used for image analysis was 12,000 he examination these BB connections, we identi ed 19 S-cones and employed 8
area was located 3.03.25 mm temporal to the foveal center and S-cones for detailed analysis. The density of S-cones was 1.2
the center of the examination area was approximatelyfidm  10° pedicles/mn, whereas that of all cones was 12.610°

the foveal center. This area is characterized by highesieodity ~ pedicles/mm. Therefore 9.5% of the cones were of S-type in this
and the features of peripheral circuits. examination area.

We traced every neuronal process while marking synapses Three morphological variables at the level of light micrgsco
and other features with color pens on transparent sheets. Theere used primarily for classi cation of mammalian bipolar sell
digitized contour lines were saved on a personal computeaxon-to-ganglion cell layer (GCL) distance (the distanceveen
using Intuos-4 digitizer (Wacom, Saitama, Japan) and TRI/3Dthe axon terminal tip and the border line of the IPL and GCL),
SRF-R graphics software (Ratoc Systems International, Tokystrati cation thickness of the axon arbor, and planer axobar
Japan). For graphic representation of electron micrographs anarea (e.g.Kolb et al., 1981; Cohen and Sterling, 1990; Boycott
reconstructed neuronal digital images, we used Photosimop a and Wassle, 1991; Euler and Wassle, 1995; Badea and Nathans,

lllustrator in Adobe CS6 (Adobe Systems, San Jose, CA). 2004; Ghosh et al., 2004; Li et al., 2004; Pignatelli andt@tre
2009. In accordance with these studies, we measured the same
Classi cation Procedures variables from three-dimensionally reconstructed bipolalisce

It is well known that S-cones can be distinguished from M/L-The de nitions of these three variables were explained piattyr
cones by their unique innervation of BB cellsidriani, 1984; in our previous article (Figure 3 ifisukamoto and Omi, 204
Kouyama and Marshak, 1992; Wassle et al., . 8¢one pedicles In addition, we used ultrastructural variables of bipolanaptic

were also distinctly smaller in area and volume than M/L-conecontacts with photoreceptors, PG cells, and MG cells at the
pedicles Kolb, 1991; Kolb and Dekorver, 1991n this study, electron microscopic level to distinguish bipolar cell types.

we found 35 BB cells connected to three (each partly included We used Statistica 06J (Statsoft Japan, Tokyo, Japan) for
in the series) small bistratied ON-blue ganglion cellSacey testing the distribution t (chi-square test) of GB cell couta
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with cones and for cluster analysis (Ward's joining method)intermediate between those of DB4 and DB6 cells. The dendritic
to dierentiate ON bipolar cell types. Quantitative data arearbor of a GB cell was markedly wide. The RB cell had mop-like
presented as the mean standard deviation (SD) and number dendrites composed of many ne processes.

of samples (n) in tables and gures unless otherwise inditate The axon terminals of OFF bipolar cells are located in strata 1
. . and 2 of the IPL, whereas those of ON bipolar cells are in strata
Cone-Ganglion Connection Strength 3, 4, and 5 of the IPL. The DB4, DB5, and GB axon terminals

We evaluated the cone sampling strength of a ganglion celidy t examined here were con ned to stratum 3 close to the OFF-ON
product of the synaptic contact numbers between cones and ONorder, while the IMB axon terminals extended over stratum 4,
bipolar cells and between ON bipolar and midget ganglion cellsangd the DB6 and BB axon terminals were located across stratum
Each ganglion cell connects to several bipolar cells viaiablar 4 and the upper half of stratum 5. The RB axon terminals reached
number of synaptic contacts, whengj is the number of contacts the deepest part of stratum 5. Next, we examined the synaptic

between they-th ganglion and-th bipolar cell (D 1,2, , m).  yjtrastructure of each ON bipolar cell type.
In turn, each bipolar cell connects to several cones via abki

number of synaptic contacts, whevgis the number of contacts -
between thé-th bipolar andj-th cone { D 1,2, ,n). Thesum Dendritic and Axonal Synapses of ON
of the products of contact numbersy; vj; for all m bipolar cells  Cone Bipolar Cells

yields the connection strength between thth ganglion celland - Figyre 2 presents typical electron micrographs of synaptic

j-th cone. contacts at the dendritic tips and axonal terminals of the ON
X m bipolar cells used in the following analyses. There wereethre
pgj D iD1WgVij D wg Vvaj C wg, Vg C C Wg,Vmj positional classes of condipolar contacts. A triad is comprised

of one invaginating bipolar cell dendrite and two lateral
The sum of these contact number products for all convergentiorizontal cell processes just underneath the presynaptimorib
cones yields an estimate of the total connection strenBgh ¢f  in the basal cavity of a cone pedicle. We de ned an invagimatin

the g-th ganglion cell with its cone eld: contact as a synaptic contact between the invaginating dendr
X n and the pedicle base. All six types of ON bipolar cells exhibited
Py D lepgj D pg1CpgC C pgn. invaginating contacts where the postsynaptic bipolar denslrite

fully invaginated into the basal folds of the cone pedicle
This formulation is widely used as a model of three-laye@nd contacted the presynaptic membrane in apposition to the

networks (ordan, 1986 cytoplasmic ribbon Figures 2A-D,F,J. Most of the contacts
made by IMB and BB cells were of this invaginating class.

RESULTS In contrast, DB and GB cells frequently exhibited the triad-
associated (TA) or also-called semi-invaginating contéetned

Twelve Types of Macaque Bipolar Cells as a contact between the pedicle base and the bipolar dendrite

All 12 types of macaque bipolar cells, each in side-view, ardjacent to a full-invaginating dendrité-igures 2B,E,G. These
shown in Figure L The dendrites of all bipolar types stratify DB and GB cells also displayed the non-triad-associated (NTA)
at the same level in the OPL, but the axons terminate typecontact, de ned as a contact between the pedicle base and the
dependently in di erent strata (15) of the inner plexiform layer bipolar dendrite that was separated by two or more processes
(IPL). One aim of this study is to nd similarities between ON (invaginating and/or TA processes) from the ribbon zone
and OFF bipolar cell types. We represent possible correspondirfgigure 21). Most frequently, DB6 cells had TA contacts and
ON and OFF pairs in the same color. Reasons for these pairingaB cells had NTA contacts. Furthermore, GB cell dendrites
are described in detail in the Discussion. Since we hava@jre occasionally contacted the basal membrane of rod spherules
described ve OFF types (FMB, DB1, 2, 3a, and 3b) of (cong)Figures 2H,l). These rod contacts were always separated from
bipolar cells in detail [sukamoto and Omi, 2014, 201)54ere  the ribbon zone by the full- or semi-invaginating dendritdsad
we focus on six ON types (IMB, BB, DB4, DB5, DB6, and GB) dbipolar cells.
(cone) bipolar cells. Although, arod bipolar (RB) cell is preedn To characterize the synaptic contacts at the axon terminfals o
for comparison with cone bipolar cells, the RB type was noON bipolar cells, we examined two representative types of ON
examined further in this study. ganglion cells, a parasol ganglion (PG) and a midget ganglion
Each IMB cell extended a single dendritic process, with th@MG) cell, and also one unique amacrine cell type that made
terminal arbor spanning a single cone pedicle (less thammh.  synaptic contacts in both ON and OFF sublaminae. All types of
In contrast, the BB cells extended 2 dendritic processes, each ON cone bipolar cells other than BB exhibited ribbon-assecda
with a terminal arbor spanning a single cone pedicle. The BBynaptic contacts of variable frequency with both ON PG and
cells extending a single dendritic process were similar Bpsh MG cells Figures 2K-Q. In contrast, BB cells almost always
to IMB cells, although the BB axon terminal arbor was slightlyhad ribbon-associated synaptic contacts with small bisaeht
larger than that of the IMB counterpart. The DB4 cells extended ganglion cells Kigure 2P, but only rarely with ON MG cells
short dendrite stout with a densely branching arbor. By cast, (Figure 2Q) and never with ON PG cells.
DB6 cells extended a thinner primary dendrite with a sparsely The ON-OFF amacrine cell projected thin lateral dendrites in
branching arbor. The thickness of the DB5 cell dendrite appéar all radial directions and made reciprocal synapses with Dl4 ce
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FIGURE 2 | Electron micrographs of bipolar cell synapses with cone and rod photoreceptors (A J), parasol and midget ganglion cells (K Q), and
ON-OFF lateral amacrine cells (R,S). An invaginating dendrite (dotted yellow contour) of the biar cell makes a synaptic contact with the cone pedicle undethe
ribbon (arrowhead) for IMB(A), DB4 (B, right), DB5(C), DB6 (D), GB (F), and BB (J). A TA contact (arrow) of the bipolar dendrite (dotted yellowontour) with the cone
pedicle is seen for DB4 B, left), DB6(E), and GB6 (G). NTA contacts (arrows) of the GB dendrite are also seen witiwio cone pedicles (, left). TA contacts of the GB
dendrite (dotted yellow contour) are found with rod spherels (H) and (, right). Synaptic contacts associated with the ribbon of kpolar axon terminals (arrowhead) to
ganglion cell dendrites (dotted pink contour) are seen for IBIto PG and MG (K), DB4 to PG (L), DB4 to PG and MG, and DB5 to MG(M), DB6 to PG and MG (N),
GB to PG (O), BB to MG (P), and BB to SBG (Q). An ON-OFF lateral amacrine cell (dotted light blue contouhas a reciprocal synapse (arrow) with DB4R) and DB2
(S) in association with the ribbon (arrowhead). PG, parasol gaion cell; MG, midget ganglion cell; SBG, small bistrati edjanglion cell; and LtAm, ON-OFF lateral
amacrine cell.

(Figure 2R as well as with DB2 cell§igure 29. We de ned a  thus acts as a criterion neuron for classi cation of bipolaixe
reciprocal synapse as an amacrine return synapse with spaciagd so is rst described in detail.

less than half of a micron from a nearby bipolar ribbon synapse.

When we annotated the bipolar axon arbor processes, the .

reciprocal synapses were critically important for distinging %SN'O_FF Lateral Amacrlne_ Cell as a
DB4 from DBS processes (intermixing of dendritic arbors ireth Criterion Neuron for ON Bipolar Cell

OPL and the axon terminals at the same strata of the IPL) an€lassi cation

DB2 from DB3b processedqukamoto and Omi, 2019aThis  The soma and part of the dendritic arbor of an ON-OFF lateral
amacrine cell, which we call an ON-OFF lateral amacring celamacrine cell were contained in this series. The thin deedri
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ran radially with branching as seen in the top view and passedith P39 only, but BB-6 has 19 contacts with P9, 10 contacts
through the upper IPL (strata 1 and 2) down to the lower IPLwith P34, and 2 contacts with P15. The dendritic pro le of a
(strata 3) as seen in the side vigvwigures 3A,B. Both inputand BB cell contacting only one cone resembled that of the typical
output synapses were evenly distributed over the entire demndr IMB cell, although the BB axon terminals were slightly more
although approximately 90% were in the OFF sublamina anéxtended horizontally than those of IMB cells as describeat |lat
10% were in the ON sublamina. The postsynaptic sites for inputhe dendritic areas were similar in size among DB4, 5, and 6,
were divided into two classes by the synaptic features, nibbo but the dendritic patterns were distinct. Speci cally, the datic
associated vesicle clusters in the bipolar axon terminalk$28s, processes were dense for DB4, moderate for DB5, and sparse
Figures 3A,B for one class and conventional vesicle clusters ifior DB6. Accordingly, DB4 contacted 80 cones, DB5 79

the amacrine cell dendrites (125 sit€ggure 3Q for the other. cones, and DB6 58 cones. Also, consistent with the di erences
The presynaptic sites for output (178 sites in total) were didid in dendritic process density, the number of contacts on these
into three classes by the postsynaptic cell type, bipolar (19 si dendrites was great for DB4 (348), intermediate for DB5
amacrine (5 sites), and ganglion (1 site)gure 3D). (24 29), and relatively low for DB6 (1219). The dendritic

The postsynaptic sites receiving the ribbon input from DB2area of GB cells was largest among all bipolar types, but the
cells (206 sites), DB4 cells (24 sites), and (rarely) otledls ¢ dendritic processes were sparse and devoid of innervatian fro
(1 site from DB6 and 1 site from RB) were accompanied bynany nearby cone pedicles. The total number of contacts was
reciprocal output sites with spacing of less than half a micronsmall for GB cells (1518), whereas the number of connected
Although, the return output sites to DB2 cells (146) were $bior cones was large (123). Consequently, a GB cell connected
than the DB2 ribbon input sites, about 60 output sites came ino any individual cone through only one or two contacts.
close proximity to two ribbon input sites, providing both with Also, the GB cell had unique synaptic contacts with the basal
reciprocal synapses. The return output sites to DB4 (24) were asirface of rod spherules, although the number of such rod
numerous as the DB4 ribbon input sites (25). Thus, 231 ribborcontacts was moderate; GB-1 had contacts with 4 rods and
input sites were accompanied by 227 reciprocal output sites, 8 cones, and GB-2 had contacts with 6 rods and 12 cones
98% of the ribbon synapses were reciprocal. (Figures 4 5).

These observations suggest some functional signi canttesof These ON bipolar types also exhibited dierences in the
lateral interaction with both DB2 and DB4 cells, which reddes  positional classes of synaptic contacts with cones. Invégima
the lateral inhibition conferred by the reciprocal feedbamwk and TA contacts were generally located in the central areheof
horizontal cell dendrites to the ribbon synapses at photgpeare  pedicle base, whereas most NTA contacts were in the marginal
terminals. The ON-OFF lateral amacrine cell also resentbies area. The dendritic processes of both IMB and BB cells were
A17 amacrine cell in that both types have reciprocal synapsedémost always (99%) fully invaginating into the basal cavfty o
with bipolar cells, the former with DB2 and DB4 cells and thecone pedicles, while TA contacts was scarce (1%) and no NTA
latter with rod bipolar cells I{elson and Kolb, 1985; Hartveit, contacts were observed. DB4, 5, 6, and GB cells expressed all
1999. Interestingly, Elgueta et al. (2015¢0emonstrated that classes of contacts but with dierent frequency distribuon
the GABA release from Al7 cells to RB cells is modulated bgmong these four types, the descending rank order frequeiicy o
acetylcholine released from starburst amacrine cells. invaginating contacts was DB4 (19) DB5 (17)> DB6 (5) >

GB (3). The total number of non-invaginating contacts (TA

L. . . NTA) was also highest in DB4 (21) but similarly abundant i th
Distribution of Three Classes of Synaptic others (10 for DB5, 10 for DB6, and 14 for GBpble 1). Relative
Contacts with Cones and Rods to total contacts, however, the most common type of contact fo
Here we characterize ON bipolar cells in terms of their deticlri DB5 cells was invaginating (62%), for DB6 cells was TA (58%),
synaptic contacts with cone pedicles. The distribution pro leand for GB cells was NTA (46%Figures 5, 6.
of three positional classes of contacts, invaginating, T#d a  These dierent ON bipolar cells also displayed distinct
NTA, di ered among typesFigure 4displays individual contacts connectivity patterns to M/L- and S-cones, suggesting type-
on the dendritic arbors of each type of bipolar cdfigure 5 specic dierences in chromaticity. IMB cells contacted only
shows the numbers of classied contacts for several bipolavl/L-cones and BB cells contacted only S-cones. Thus, the
cells of each type on pedicle maps, aRidure 6 provides a M/L-cone IMB pathway and the S-coneBB pathway appear
graphical representation of the quantitative relationshipee  structurally independent. Other DB and GB cells almost
exact quantitative descriptions are givenfable 1 exclusively contacted M/L-cones and only rarely contacted S-

IMB cells most frequently connected to only one cone andones. Only one of 6 DB4 cells connected to one S-cone with
only rarely to two cones with 2229 contacts in total. In the one contact, two of 7 DB5 cells connected to two S-cones with
latter cases, there were major and minor clusters of costacbne contact and two contacts, respectively, two of 5 DB6 cells
(e.g., IMB-3 having 24 contacts with P46 and 4 contacts witlikonnected to two S-cones each with one contact, and one of 2
P40, Figure 5. In contrast, the seven BB cells in our currentGB cells connected to one S-cone with two contacts. Thus, the
sample connected to a variable number of cones: one cone imean number of contacts with S-cones per bipolar ceb{e 1)

3 cases, two cones in 3 cases, and three cones in 1 case. Wvas at most one. Additionally, these S-cone contacts withfi2B a
contacting to more than one cone, a total of 131 contacts GB cells were always located at non-invaginating positiods (T
were allocated to those cones. For example, BB-2 has 28 tontaar NTA).
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FIGURE 3 | ON-OFF lateral amacrine cell in contact with DB2 and DB4 cells. Distribution of the postsynaptic sites of the ON-OFF latetamacrine cell in
contact with the ribbon-associated presynaptic sites of DB and DB4 cells is displayed in top view(A) and side view(B). The contacts with DB2 (206 contacts labeled
with light blue rectangles) are con ned to strata 1 and 2 of IPL wile those with DB4 (25 yellow rectangles) are con ned to stim 3. (C) Conventional input synapses
(125 green circles) from other amacrine cell{D) Output synapses (178 orange triangles) are mostly recipradly directed to DB2 (146 contacts) and DB4 (24 contacts)
cells and less often to other cells. Asterisks (*) indicatéé end points of the series of electron micrographs.

Frontiers in Neuroanatomy | www.frontiersin.org 7 October 2016 | Volume 10 | Article 104



Tsukamoto and Omi Macaque ON Bipolar Cell Connectivity

FIGURE 4 | Dendritic innervation of cone pedicles by the thre e positional classes of synaptic contacts for the six types of ON bipolar cells. Cone
pedicles are labeled by serial numbers and accordingly in éfollowing gures. The cellular contours are shown with conhuous lines for innervated cones and dotted
lines for non-innervated cones. M/L-cone contours are col@d gray and S-cone contours blue.

In Figure 5, 12 M/L-cones and 6 S-cones shown in gray wereells per S-cone and the mean number of contacts innervating o
used for analysis of cone divergence, determined by idengif those DB or GB cells per S-cone were both at mostTablé 2.
all partner bipolar cells together with the number of output Figure 6F shows the divergence of output from the
synaptic contacts. We investigated all ON bipolar dendritesepresentative M/L-cone and S-cone to their ON and OFF
surrounding these target cones. The divergence patternsetie routes via three positional classes of contacts. M/L-cone [gedic
greatly between M/L- and S-coneBaple 2 Figures 6D,5. The P41 had 32 ribbons, and S-cone pedicle P39 had 34 ribbons. Each
M/L-cone directed almost half of all output synapses (26) taaumber of ribbons is close to its mean value at 3 mm eccetyrici
IMB cells and allocated the other half to four non-IMB cells in(Mean SD:31.3 3.4 M/L-conenD 23;31.8 2.8 for S-cone,
decreasing order DB4 (14) DB5 (10)> DB6 (2)> GB (0.5).In nD 10,Tsukamoto and Omi, 201%a
contrast, the S-cones directed almost all outputs (40) to @B ¢ One IMB and 7 DB cells had a total of 39 invaginating contacts
and sporadically allocated the few remaining contacts (Iptw  with P41, whereas 4 BB cells had 43 invaginating contacts with
other ON bipolar types. Thus, the mean number of DB and GBP39. Thus the invaginating contacts outnumbered the rildon
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FIGURE 5 | Abundance of the three positional classes of synap  tic contacts over the entire cone area for each ON bipolar cell type. A group of ON

bipolar cells of the same type shows a characteristic distoution of contacts with cone pedicles. Three positional clsses of contacts with cones are invaginating
(hexagons), TA (rectangles), and NTA (ellipses). Contaatsth rods are only noted for GB. Twelve pedicles (22, 28, 30, B 32, 36, 38, 41, 46, 47, 48, and 51) for IMB,
DB, and GB, and six S-cone pedicles (15, 26, 34, 39, 94, and 118for BB, designated in gray, are used for contact analysis pecone in Figures 6D,E .
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FIGURE 6 | Summary of dendritic synapse measurement. (A)  The number of cones converging onto each bipolar cell (evergone was equally counted as unity
regardless of the number of contacts)(B) The total number of contacts of the three positional classebetween bipolar dendrites and cone pedicles(C) Pie charts
showing the average proportions of the three positional cleses of synapses. Data are mean SD for each bipolar cell type (number of cells): IMB (6), BB ()B4 (6),
DB5 (7), DB6 (5), GB (2) with SDA C). (D) A comparison of M/L-cone (left-handed bars,n D 12) and S-cone (right-handed barsn D 6) divergence for the six types
of ON bipolar cells. The abscissa is the average number of cadacts of a cone with each type of bipolar cells with the SD bar(E) Pie charts comparing M/L-cones and
S-cones in the innervation of different bipolar typeg(F) Three positional classes of contacts: invaginationg, TA,ral NTA in the ON and OFF routes diverging from an
M/L-cone pedicle (P41) and an S-cone pedicle (P39) both locad in the center of the examination areaRigure 5).
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TABLE 1 | Synaptic convergence of cones onto each ON bipolar ¢ ell type.

Bipolar cell type Number of cones per bipolar Number of contacts per bipolar
(n) Number of cells
All Positional classes Chromatic classes
Invagi. TA NTA M/L-cone S-cone

IMB (12) 12 04 263 25 26.0 26 03 06 0.0 0.0 265 3.1 0.0 0.0
BB (7) 1.7 0.8 24.1 48 239 50 03 05 0.0 0.0 0.0 0.0 24.1 4.8
DB4 (6) 8.7 1.0 39.7 41 19.0 33 16.7 2.6 40 28 395 4.2 0.2 04
DB5 (7) 73 11 26.7 16 16.7 5.8 71 43 27 29 261 21 06 15
DB6 (5) 6.2 1.3 146 29 50 28 84 27 1.2 08 142 24 04 05
GB (2) 125 0.7 165 2.1 30 14 6.0 1.4 75 07 155 3.5 1 14
TABLE 2 | Synaptic divergence of M/L- or S-cones to different O N bipolar speci cally targeted, we examined the distribution patteror F
cell types. cell GB-1, the frequency distribution of cones having thentxer
Bipolar  Number of bipolar cells per cone Number of contacts per cone (in round brackets) of contacts per cone re_gardless of position
cell type class was 18 (0), 11 (1), and 2 (2). Likewise, cell GB-2 had the

MiL-cone S-cone MiL-cone S-cone distribution: 9(0), 8(1), 3(2), and 1(4). These distributiowere
VB 11 03 00 0.0 958 25 00 0.0 well tted by the Poisson distribution with lambda values of

0.4 for GB-1 $2 D 0.55,p D 0.46,n D 31) and 0.8 for GB-

BB 0.0 00 32 10 0.0 00 408 3.9 .

2 ($2 D 3.38,p D 0.34,n D 21), suggesting that con&B
DB4 27 11 02 04 143 47 02 04 .
DBS 23 10 03 05 98 29 05 08 contacts are determined by random chance of rare events.
DB6 08 05 02 o4 18 16 02 04 There are at least two possible causes fo_r this randomness,
oB 03 05 02 04 05 08 03 08 M-coqes and L-cones are randomly mtgrm.lnglled_ or GB cell
Total 71 17 40 17 523 59 120 46 dendrites randomly contact M/L-cones indiscriminately, tbu

these alternatives cannot be distinguished by this analysis
Number of sample cones is 12 for M/L and 6 for S. Each ON bipolar cell type had a distinct distribution pattern of
synaptic contacts on its dendrites. In fact, each type occufsies

by 7 9. This was because one invagination housed two or morgwn unique area within the scatter plot for the total number of
ON bipolar cell dendrites underneath a number of relativelyd  synaptic contacts (regardless of positional class) vs. the numbe
ribbons. Thus, all the central places of the invaginationsid  of convergent cones-{gure 7A). DB4, 5, and 6 types are aligned
by the basal membrane were occupied by IMB and some Ol the cone number axis but separated from each other on the
DB cell processes. Consequently, the other ON DB bipolar cabtal contact number axis. IMB and BB types are separated from
processes were situated at the adjacent places or more dist@é other four types but not from each other on this plane. (Here
places. In M/L-ON system, we found 16 TA contacts and 3 NTAye used only 6 IMB cells for analysis although we examined 12
contacts. Taken together, roughly two thirds were invaiita  |MB cells as shown iffable 1). The GB type is separated from
and one thirds was basal (TA and NTA). In S-ON systemthe other ve types on the cone number axis. To examine the
however, the other ON DB cells had distinctly small number ofgiscrimination power of the proportion of invaginating conta¢
contacts. We found 1 TA contact and 1 NTA contactin the S-congye plotted the number of invaginating contacts vs. the number
pedicle. Thus, 96% of the ON contacts were invaginating. of non-invaginating contactsRjgure 7B). Again DB4, 5, 6, and

In M/L-OFF system, 1 FMB cell had 34 TA contacts and 1 NTAGB cells were separated to various extents, but IMB and BB cells
contact. OFF DB cells had 25 TA contacts and 33 NTA contactgyere not Separated from each other. When we divided the non-
Thus all contacts were basal. In S-OFF system, 1 FMB cell had @aginating contacts into TA and NTA for analysis, GB wageo
TA contact and 1 NTA contact. OFF DB cells had 11 TA contactistinctly separated from the others (not shown).
and 15 NTA contacts. The positional class pro les of DB types e applied cluster analysis to all 33 ON bipolar cells using the
are similar between ML- and S-OFF systems. However, the totgjur variables describedrigure 7CQ). Types DB4, 5, 6, and GB
number of contacts was considerably smaller in the S-coB8)(1 were uniquely clustered but both IMB and BB were within the
than the M/L-cone (151) in accordance with the narrower arta 0same cluster. This indicates that the dendritic synapseéf |

the S-cone pedicle base. and BB have similar architectural characteristics.

Statistics of Dendritic Synapses and

Cluster Analysis Morphology of Bipolar Cell Axon Arbors

GB cells contacted only about half the cone pedicles in the@nd Connection to Ganglion Cells

dendritic area Figure 5). This scarcity of coneGB contacts Next, we characterized the axonal terminal morphology o&éhe
suggests the possibility of cone-selective connectioms ét al., ON bipolar cell types (three left-hand columns Tdble 3. The
201). To test whether the connection pattern is random orstrati cation of the bipolar axon terminal was assessed by tw
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FIGURE 7 | Scatter plots of cone  bipolar contact counts and their clustering among the six ON b ipolar cell types. (A) The relationship between the total
number of contacts (all classes) and the number of convergdrcones per bipolar cell.(B) The relationship between the number of invaginating contds and the
number of TA and NTA contacts.(C) Dendrogram of cluster analysis (Ward's method) of 33 ON bigar cells using the four variables plotted iifA,B). DB4, DB5, DB6,
and GB types are differentiated but IMB and BB are not.

variables, the terminal tip level (the axon-to-GCL distapand of contacts with PG cells; among them, type DB4 had the greates
the axon arbor thickness, using the side-view images of ourumber. In contrast, DB6 cells made few contacts with PG cells
3D-reconstructed cellsH{gure 1). The axon terminals of DB4, but, interestingly enough, a large number with MG cells. The
DB5, and GB cells were situated within stratum 3 of the IPLmean number of contacts per bipolar cell for the DB6 type (68
those of IMB cells from the middle of stratum 3 to the bordercontacts, 70% of the ribbons) was comparable to that of IMB cells
between stratum 4 and 5, and DB6 and BB cells from stratum @74 contacts, 87% of the ribbons), while the others made many
to the upper half of stratum 5. The DB6 axon arbor was 2-foldewer contacts with MG cells (15 by DB4, 5 by DB5, and 4 by GB).
thicker than the GB axon arbor. Between these upper and lowdtrom the opposite point of view, MG cells are thought to mainly
limits, IMB and BB cells had the same mean thickness, whicteceive bipolar input through synapses with IMB and DB6 cells;
was slightly greater than those of DB4 and DB5 cells. We aldberefore, we obtained the number of synaptic contacts fehea
measured the axon arbor area using the top view of the axobipolar type per MG cell (right-most column ofable 3 and
terminals Figure 8). IMB cells had the narrowest and GB cellsFigures 10D,B. Consistent with the current notions of retinal
the widest axon arbor area, with a di erence of about 15-fdllde  organization, the MG cell received input predominantly thréug
axon arbor areas of BB and DB5 cells were roughly 3-fold targesynapses with IMB cells (192 contacts), while the contribugbn
than those of IMB cells, those of DB4 cells were 4-fold laayet, DB6 cells was modest (30 contacts). Nevertheless, DB6 adlls h
those of DB6 cells 10-fold wider than those of IMB cells. 3-fold more contacts with MG cells than DB4 cells (10 contacts)
We further examined three additional ultrastructural and 8-fold more than DB5 cells (4 contacts). BB and GB cells had
parameters: the total number of axon synaptic ribbons, theegligible numbers of contacts with MG cells.
number of output synaptic contacts directed to PG cells, and . .
the number of synaptic contacts directed to MG cells (thredcluster Analysis using Axonal Morphology
middle columns ofTable 3. The examples of PG and MG cell and Synaptic Connectivity
reconstruction are displayed frigure 9. The number of axonal We once more con rmed the classi cation of ON bipolar cells
ribbons varied within the 2-fold range from 51 to 106 for all by cluster analysis based on a set of six features of axonrtakmi
30 cells examined and the mean number increased in the rardebors. The discriminative power of each feature is easilgpgd
order BB< DB5< IMB < GB< DB4< DB6 (Figure 10A). The by the scatter plotsRigures 11A-Q. The strati cation level of
output of the ribbon synapses at the bipolar cell axon terminathe axon terminal as measured by the axon-to-GCL distance has
was directed to various types of ganglion and amacrine cellbeen used by many authors (e @hosh et al., 2004and is one
Here we focused on PG and MG cells. BB cells had no contaas$ the most powerful discriminators of bipolar cell types. The
with PG cells and few contacts with MG celliidqures 10B,§.  strati cation level separated all cells into three groups: (B4
Types IMB, DB4, DB5, and GB all exhibited substantial numberBB5, plus GB, (ii) IMB alone, and (iii) DB6 plus BB. In contrast,
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TABLE 3 | Morphology and synaptic connectivity of ON bipolar axon terminals with ganglion cells.

Bipolar cell Distance between Axon arbor Axon arbor Number of Number of PG Number of MG Number of BC
type (n)& axon and the GCL thickness area ( n'm2) ribbons outputs per BC outputs per BC inputs per MG
(mm) (mm) (nD 5P (n D 25)° (nD 5y
IMB (5) 6.0 0.8 9.7 23 67.9 154 85.0 9.0 146 3.2 738 6.9 191.8 213
BB (4) 33 1.0 9.7 13 198.7 36.5 590 75 0.0 1.8 1.7 1.2 16
DB4 (7) 111 1.0 80 14 246.7 56.7 97.3 3.8 250 56 147 6.6 100 7.0
DB5 (8) 114 0.8 75 28 189.3 50.2 67.8 11.0 12.0 4.0 48 35 40 16
DB6 (4) 23 09 116 3.1 647.7 110.8 98.0 8.7 20 28 67.8 8.8 302 52
GB (2) 96 23 65 21 10615 722 86.5 14.8 275 64 40 14 04 09
237.6 21.0°

aNumber of sample bipolar cells of each type.

YNumber of PG cells examined for the measurement of bipolar-PG contas per bipolar cell.
SNumber of MG cells examined for the measurement of bipolar-MG contacts pebipolar cell.
dNumber of MG cells sampled for the measurement of bipolar-MG contacts per M@ell.
€The total of input synaptic contacts from all types of BCs.

arbor thickness was poorly discriminativé&igure 11A). The In the present analysis of the ON system, three ON MG
axon arbor area ranked four groups in the increasing order IMEcells (MG-9, 28, and 52) were situated in the middle of our
< DB4, DB5, and BB DB6< GB, clearly distinguishing IMB examination area and so allowed tracing back to all conwnergi
and GB from the others. The number of ribbons only dividedcones via intervening ON bipolar cells. We divided the ON
types into the great group (IMB, DB4, DB6, and GB) and thebipolar routes into IMB and non-IMB (DB4, 5, 6, GB, and
small group (DB5, BB)Kigure 11B. The number of contacts to BB) pathways Table 4A). The number of cones converging
MG cells prominently separated IMB and DB6 from the otherspnto each ON MG cell was small via the IMB pathway (5
while the number of contacts with PG cells roughly sorted altones) but relatively large via the non-IMB pathway (20 cones)
the cells into three groups: (i) DB4 plus GB, (ii) IMB plus DB5,Conversely, the coneMG connection strength was intense via
and (iii) DB6 plus BB Figure 11Q. The integration of all these the IMB pathway (4867) but moderate via the non-IMB pathway
multivariate discriminations separated all 30 ON bipolarlsel (1018) Figure 10F. Among members of the non-IMB pathway,
examined into six separate clustefsgure 11D). DB6 and DB4 were the two major contributors to the total
Because DB4 and DB5 cells looked similar in side-viewontact number products. These MG cells (MG-28, and 52)
(Figure 1), we applied Studentstest (unpaired two-tailed) to happened to lack any contact with GB cells and consequently the
the afore-mentioned six feature parameted§ D 14, 8 cells for contact number product via GB cells was zero. This is the reason
each type) and furthermore to the number of convergent conefor the absence of the GB type Table 4A However, other MG
per bipolar cell ¢f D 11, 6 DB4 cells and 7 DB5 cellByvalues cells in this series had one or two contacts with GB cells, about
were 0.40 (strati cation level), 0.70 (arbor thickness))2B 0.4 contacts per MG cell as shown in the right-most column
(arbor area), 0.000004ribbon number), 0.001 (MG output), of Table 3 Although, the GB type had the greatest number of
0.0009 (PG output), and 0.042(cone number). The two former convergent cones among all ON bipolar types, GB cells were
morphological features rendered no statistical signi cares connected to too many MG cells to have a substantial e ect on
expected from their appearance, but the ve latter parametermost.

gave signi cant () di erences at the 0.05 level. While the IMB pathway did not mediate S-cone to MG cell
transmission, the non-IMB pathway mediated a weak S-cone

Comparison of Cone Bipolar Ganglion connection to MG cells. In fact, 97% of the synapses at the 8-con

Connections between M/L- and S-cones pedicle were directed to BB cells, the remaining 3% (1.2 cantact

BB and IMB cells work together to cover all cone pedicles, BBEr cone) were shared by DB4, 5, 6, and GB ceigaife 6. This
cells for S-cones and IMB cells for M/L-cones. By contrast, FMB1ay indicate the scarceness of S-cone contribution to theiB
cells as a single type cover all cone pedicles, some FMB cells & pathways. The percentages of the number of S-cone contacts
S-conesKlug et al., 2003; Tsukamoto and Omi, 20).aad the  per bipolar cell are obtained frofable 1as DB4 (0.5%% DB5
other FMB cells for M/L cones. A small portion of the S-cone(2.2%)< DB6 (2.7%)< GB (6%). In addition to DB and GB
output is also delivered to DB and GB cells. Subsequent to thiells, BB cells provide ON MG cells with the S-cone component
cone-bipolar junction, M/L-cone and S-cone signal component§Figure 10G Table 3. Consequently, the M/L- to S-cone ratio
are allocated to MG and PG cells in the next bipolar-gangliormeasured by the contact number product for the ON MG cell
junction. The outputs of ON DB plus GB and OFF DB cells ards 96%: 4% via the ON non-IMB pathwaVeble 4A).

directed mainly to PG cells but also moderately to MG cellselle  Likewise, we obtained the comparative values of the OFF
we compared ON and OFF systems in terms of the cone samplir8ystem using our previous data sét(kamoto and Omi, 201ja
strength and its S-cone contribution via conkipolar MG  We divided the OFF bipolar routes into FMB and DB (DBL1, 2,
routes, and besides surveyed the routes to PG cells. 3a, and 3b) pathways. The number of cones converging onto
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FIGURE 8 | Top-view pro les of axon terminal arbors of the ON bi polar cell types. For each cell type, 2 8 neighboring cells of the same type are displayed
with serial numbers. No other GB cells were found around GB-&nd GB-2. Cells are colored for clarity.

each OFF MG cell was small via the FMB pathway (4 cone§)B1, 2, 3a, and 3b cells. Although, this value of 42% appears
but relatively large via the DB pathway (22 or 23 cones). Byelatively large as compared to the ON system, the numbers
contrast, the cone—MG connection strength was intense \éa thof basal contacts with DB cells at the M/L-cone pedicles (77.3
FMB pathway (5966-5522) but moderate via the DB pathwagontacts per M/L-cone) are relatively large and M/L-cones
(1458-1742). Among members of the DB pathway, DB1 and DB&utnumbered S-cones by a factor of 9. Thus, the S-cone to M/L-
cells were the two major contributors to the total contactmoer  cone contact ratio is 1: 31. This provides OFF DB cells with
products [Tables 4B,Q. the percentages of the number of S-cone contacts per bipolar
Two OFF MG cells (MG-3 and -6) had no S-cone connectiorcell equivalent to those of ON DB cells as DB3a (1.6%0)
via FMB cells Table 4B, but one OFF MG cell (MG-4) had DB1 (2.6%)< DB3b (3.4%)< DB2 (6%). Consequently, the
a strong S-cone connection via an FMB cell, and all OFF MG®//L- to S-cone ratio measured by the contact number product
cells examined also had a weaker S-cone connection via tfe the OFF MG cell is 97%: 3% via the OFF DB pathway
DB pathway Table 4Q. In fact, 58% of the basal contacts (Tables 4B,Q.
at the S-cone pedicle were directed to FMB cells and the A similar scarcity of S-cone signals was also found for PG
remaining 42% (22.5 contacts per S-cone) were shared loglls. BB cells had no contact with ON PG cells. Although
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FIGURE 9 | Morphology and strati cation of ON parasol and ON mi dget ganglion cells. An ON parasol ganglion (PG) cell (left) and an ON midget garagi
(MG) cell (right) in top (upper) and side (lower) view. TherttiFites of these ganglion cells extend into strata 3 and 4 ofie IPL. Asterisks (*) indicate the end points of
the series of electron micrographs.

IMB cells made many contacts to ON PG cells, they madé& both cases, we performed a cluster analysis to con rm the
no contacts with S-cones. In contrast to IMB cells, about onevalidity of ON bipolar cell classi cation based on the di eress
tenths of the FMB cells made many contacts with an S-conén these parameters. Finally, we compared S-cone vs. M/L-cone
This is because about one-tenths of the cones were S-corsmpling strength of MG cells by calculating the contact number
in this examination area and each S-cone contacted one FM@oducts. We performed these analyses to investigate theypessi
cell. However, the FMB cells as a whole had very few contaatsrrespondence between ON and OFF bipolar cell types.
with OFF PG cells: 1 contact per bipolar cell compared to 67
contacts per bipolar cell with OFF MG. Only one-tenths ofBasal Contacts of ON Bipolar Cells
this 1 contact is from S-cone. Therefore, the S-cone signalg/e observed many basal contacts (TA and NTA) of ON bipolar
may be prevented from reaching OFF PG cells via the FMBell dendrites with cone pedicleBigures 2B,E,G ) and also with
pathway. ON DB plus GB cells made numerous contacts withod spherulesKigures 2H,) in our examination area at 3 mm
ON PG cells and OFF DB cells with OFF PG cells. Howevegccentricity. The percentages of the basal contacts per bipella
as afore-mentioned, the percentages of the number of S-comrge obtained fronFigure 6Cas IMB (1%), BB (1%), DB5 (38%),
contacts per bipolar cell ranged from 0.5 to 6% for both ONDB4 (52%), DB6 (66%), and GB (82%jopkins and Boycott
DB plus GB cells and OFF DB cells. Therefore, the total conta¢i 995, 1997jeported similar data (number of sample cells:2)
number products along the S-conéipolar PG route must be by the EM-Golgi method for DB4 (44%), DB5 (10%), and DB6
considerably smaller than the M/L-conéipolar PG route. The (30%) at 1.9—-4.0 mm eccentricity.
contributions of S-cones to PG cells must be as small as tilose  Calkins et al. (1996Econstructed two ON DB cells (not typed
MG cells. further) contacting 10 foveal cones (with about 20 ribbons a
0.50-0.54 mm eccentricity) and observed that onlyZontacts
of each ON DB cell were invaginating. Because these ON DB
DISCUSSION cells each had 25 contacts, they suggested that the rergainin
21 22 (about 85%) contacts were basahun et al. (1996also
Identi cation of bipolar circuits at the ultrastructural leel is one  recognized a similar situation of foveal cones (with abolit 2
of the most direct ways to characterize signal processesen thibbons at 0.75 mm) that no enough number of the invaginating
retina. First, we examined the synaptic contacts of the OMé&Jo positions were available to accommodate the dendrites of ON
bipolar dendrites with photoreceptors (M/L-cones, S-cones, anpB cells. They further observed peripheral cones (with about
rods) and their positional classes (invaginating, TA, andMT 42 ribbons at 5-6 mm) and pointed out that there were enough
and obtained the number of contacts per bipolar cell and congentral positions available for the invaginating dendrioé$oth
for each type. Next, we examined the axonal synaptic contacf§|B and ON DB cells. As afore-mentioned, our percentage data
with PG and MG cells and an ON-OFF lateral amacrine cell angf the basal contacts per bipolar cell with perifoveal M/L cones
then estimated their number of contacts per bipolar or MG cell(with about 31 ribbons at 3 mm) were 38% (DB552% (DB4x
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FIGURE 10 | Summary of axonal synapse measurement.(A)  The number of synaptic ribbons in the axon terminal for eachype of ON bipolar cell.(B,C) The
number of ribbon synaptic contacts with ON PG cel(B) and ON MG cells(C). Data are mean SD for each type (number of cells): IMB (5), BB (4), DB4 (7), D§3),
DB6 (4), and GB (2). Thirty axon terminals were analyzéd C). (D) Number of synaptic contacts from different types of bipolacells to an MG cell.(E) Enlargement
of the non-IMB part of (D). (F) The relationship between the cone MG connection strength expressed as the contact number prodct and the number of cones
converging to the MG cell via the IMB and non-IMB (BB, DB4, 5, 6, B) pathways. Three ganglion cells, MG-9, 28, and 52, were examined with their related
bipolar and cone cells.

66% (DB6) Figure 6C). These were intermediate between almosbasal contacts of ON bipolar cells. Bipolar cells may implement
none in the periphery and about 85% of the ON DB cell contactsli usional Itering by their dendrite positioning Rao-Mirotznik
in the fovea. et al., 1998; Sterling and Laughlin, 2D1%he localization of
The distinction between ON and OFF types does nomGIuR6 in rhesus monkey retinas was examined/bydi et al.
depend on the invaginating or basal contacts but on whici{2000)with the immuno-EM method. Their main conclusion
type of glutamate receptor is expressed on the bipolar cellas that mGIuR6 was not on the tip of the central element,
dendrites, metabotropic mGIuR6 or ionotropic AMPA/Kainate but on its base at the mouth of the invagination, 400—800 nm
(for review, Wassle, 2008 Electrophysiological experiments in from the release site. They presented an EM picture showing
ground squirrel retinas eVries et al., 2006; Szmajda andthat mGIluR6-immnoreactive dendrites formed basal contacts
DeVries, 2011 demonstrated that the glutamate transmitter at NTA positions. Their ndings may indicate that the ON
released from the ribbon-associated active zone e ectivedgh  bipolar cell dendrites located at NTA positions still sense the
postsynaptic receptors at remote basal contacts of OFF bipolglutamate di used from the active zone. Although, they didtno
cells. The same glutamate is thought to be available to theport any basal contacts of mGluR6-immunoreactive dendrite
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FIGURE 11 | Scatter plots of bipolar axon terminal counts and t heir clustering among the six ON bipolar cell types. (A) The relationship between the
distance from the axonal tip to the ganglion cell layer and #hthickness of the axonal arbor(B) The relationship between the number of synaptic ribbons anthe
top-view area of an axonal arbor(C) The relationship between the number of bipolar output contets directed to MG cells and the number directed to PG cells(D)
Dendrogram of cluster analysis (Ward's method) of 30 ON bigar cells using the six variables plotted ifA C). All cases are uniquely clustered into six types.

with rod spherules, one could imagine that the probability ofwere in the lowest and highest zones of the IPL, strata 5 and 1,
encountering such contacts on immuno-EM sample sectiongespectively. The number of convergent cones was lowest fé6r DB
might be extremely small. These lines of evidence convirgsce @among DB4, 5, 6, and GB. Similarly, the number of convergent
that the basal contacts of ON bipolar cells are not acciddnitl cones was lowest for DB1 among DB1, 2, 3a, and 3b. Therefore,

functional. DB6 likely corresponds to DB1.

Correspondence between ON and OFF GB vs. DB3b

Bipolar Cell Types Only one ON hbipolar type, GB, made synaptic contacts with
IMB and BB vs. FMB rods as well as cones (5 rods and 12.5 cones per GBncell,

IMB cells correspond with FMB cells as both are midget type$) 2). Similarly, DB3b is the only OFF bipolar type with such
BB cells are classi ed as a unique type but similar to FMB cell®d and cone contacts (4.0 rods and 9.0 cones per DB3b cell,
in that all BB cells and some FMB cells contact S-cones. Both D 4). The rod synapses of GB cells were not located at
IMB and BB types were necessary to tile all the cone pedicle®e invaginating position but at the rod spherule base. The
Ninety-nine percent of the synaptic contacts of both IMB and BBGB cell had the most abundant NTA contacts and the fewest
cells with cones were of the invaginating type located ctdses invaginating contacts among ON bipolar types. Also, the GB cell
the synaptic ribbon zone. Likewise, 93% of FMB cone contactsad the smallest number (4) of contacts directed to ON MG
were of the TA class, which was closest to the ribbon zoneells but the largest number (28) of contacts directed to ON
among the positional classes of OFF-speci ¢ basal cone dsnta®G cells. Likewise, the type DB3b cell had the most abundant
(Tsukamoto and Omi, 201%2aUsing four dendritic properties for NTA contacts among OFF bipolar types. Moreover, the DB3b
cluster analysis, we could not discriminate IMB from BB cellgell had the smallest number (1) of contacts directed to OFF
(Figures 7Q. In particular, a BB cell contacting a single S-coneMG cells but relatively many (14) contacts directed to OFF PG
was morphologically similar to an IMB cell. These ndings imply cells. These ndings suggest that both GB and DB3b cells may
that IMB and BB types are homologous and both are counterpart&inction cooperatively to convey mixed rod and cone signals t

of the FMB type. PG cells at relatively slow speed compared to other cone bipolar
pathways. Nevertheless, when both GB and DB3b cells carry
DB6 vs. DB1 rod signals via direct contacts with rod spherules, they ninest

In only one of the ON DB types, DB6, were the major outputable to transmit more quickly than the rodod bipolar All
synapses predominantly directed to MG cells. Seventy perceaimacrine indirect ON and OFF pathways. Our observations
of the axonal ribbons of the DB6 cell were associated with thprovide anatomical evidence for the insensitive but fast rod
output synapses directed to ON MG cells. This is comparable tpathways observed in psychophysical experiments of achromatic
the 60% of axonal ribbons of DB1 cells directed to OFF MGobservers lacking functioning conestockman et al., 1991, 1995;
cells 'sukamoto and Omi, 201%2aDB6 and DB1 axon terminals Sharpe and Stockman, 1999
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TABLE 4 | Cone sampling of ON and OFF MG cells. features: (a) DB5 cells have distinctly varicose processds (the
Figure 8; ourFigure 8); (b) A DB4 cell contacts more cones than
a DB5 cell (their Table 1; oufable 1); and (c) The axon arbor

(A) ON MG (3 CELLS)

"g:a" ofMG-9,  Number of convergent Sum of contact number area of a DB4 cell is greater than that of a DB5 cell (their Table
-28, and -52 cones products our Table 3
Total M/L-cones S-cones Total M/L-cones S-cones In the ON system, DB4 and DB5 cells had similar
VB channel 50 50 00 4875 4875 o Iight_ microscopic appearance but several distin_ct synaptic
) ) ’ architectural properties at the EM level. The dendrites of DB4
DB channel 9.7 180 Lroo 1018 978 40 cells had fewer invaginating than non-invaginating (CANTA)
pB4 120 L7 03 431 426 > contacts (48%:52%), but this relation was reversed (62%:38%)
DBS 9.7 83 13 82 76 5 in DB5 dendrites. Likewise, in the OFF system where TAs were
DB6 %0 83 0.r 492 476 16 closest to the ribbon zone, there were fewer TA contacts than
BB 3 00 813 0 13 NTA contacts (30%:70%) in DB2 dendrites but this relation was
{2) OIREIUIE B ERIS TS ENE CEIEEHVRIBIE GlEmE U reversed (81%:19%) in DB3a dendrites. In the axon terminals,
Mean of MG-3  Number of convergent Sum of contact number the number of synaptic ribbons was greater in DB4 than DB5
and -6 cones products (97:67) and also in DB2 compared to DB3a (133:77). Given
Total M/L-cones ~ S-cones  Total M/L-cones ~ S-cones these parallels, it is likely that DB4 corresponds to DB2 and
DB5 to DB3a. Furthermore, the DBDB2 correspondence was
MB channel 4.0 4.0 00 596 5966 0 conrmed by the connectivity with a criterion neuron; both
DB channel 220 20.0 20 1458 1412 46 DB4 and DB2 cells had numerous reciprocal synapses with an
DB1 160 145 15 959 944 15 ON-OFF lateral amacrine cell.
DB2 155 135 2.0 392 362 30
DB3a 45 4.0 05 30 29
DB3b 40 40 oo T 77 0 Relationship with Polyak's Work
(C) OFF MG (1 cell having S-cone contacts via the MB channel) Polyak (1941fescribed numerous distinct bipolar cells (termed
MG-4 alone Number of convergent Sum of contact number d, e, f, g’and h) in the macaque and Chimpanzee retina
cones products stained according to the Golgi method. Therefore, we asked
Total M/L-cone S-cones Total M/L-cone S-cones whether any of these previously observed and described cells
corresponded with any of the 12 types listed here. The
MB channel 4 3 1 5522 3524 1998 variety was named the “mop” bipolar cell after its shapelyak,
DB channel 23 21 2 1742 1688 54 1941). Polyak recognized the mop bipolar cell to be the rod
DB1 15 13 2 874 831 43 bipolar cell identied by Cajal (1893) Unambiguously, this
DB2 12 11 1 414 411 3 type is the same as the RB type in our observation. €he
DB3a 10 9 1 326 318 8 variety, also called the “brush” bipolar, shares severalncom
DB3b 11 11 0 128 128 0 properties with the DB4, DB5, and DB6 types, particularly the

brush-like dendritic arborization and the relatively deaponal
strati cation. The f variety, also called the “at” bipolar, is
As afore-mentioned, GB cells contacted rods as well as congery similar to the DB1, DB2, DB3a, and DB3b types in the
The sampled cones of GB cells were sporadically distributeghared atly extended dendritic arborization and the rélaty
where an S-cone was not exclud&iture 5. The cone sampling shallow axonal strati cation. In particular, Polyak emphezeil
strengths of GB cells were very small. Therefore, it is ehjikhat  that some of the at bipolar cells had contacts with cone pedicle

GB cells convey reliable chromatic signals. and rod spherules. These “common rod and cone” bipolars of
the f variety may correspond to the DB3b type, which was
DB4 vs. DB2 and DB5 vs. DB3a shown to have basal contacts with both cones and rods at the

Initially we compared our classi cation of DB4 and DB5 typesEM level ([sukamoto and Omi, 2004 The g variety shows a
based on morphological features to the original workdayycott  uniquely wide and sparse dendritic arborization. Polyak also
and Wassle (1991In their data, DB4 cells stratify between 44 andstated that they were “found in few localities only.” Theref,

47 mm from the cone pedicles and DB5 cells between 46 and 48e are convinced that thg variety is the GB type. Thé
mm. The side-view of their DB4 and DB5 drawings (their Figurevariety, also called the “midget” bipolar, evidently incladeo

4) shows that the ataxon arbor of a DB5 cellis at the same deptgroups distinguished by di erent strati cation levels of tlaxon

as the lower part of the axon arbor of a DB4 cell. Someone magrminal. The one group terminating in the upper zone of the
have the impression that the strati cation level of the DB®ax IPL may correspond to the FMB type and the other group
terminal is deeper than that of the DB4, indeed so reviewed iterminating in the lower zone may correspond to the IMB
later years Grunert et al., 1994; Wassle, 2004; Joo et al.,)2011ype. Thus, all the bipolar cells th&blyak (1941gescribed are

In our data set, however, all DB4 and DB5 cells stratify at théncluded in the catalog of this study. However, we could not
same level of the IPL, in stratum Bigure 1). Nevertheless, our nd any BB-like cells in Polyak's gures and Polyak did not
data used for classi cation agree with their data on threlkeot mention the BB cell. However, we cannot entirely exclude the
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possibility that theh variety included the BB cell contacting a is even larger at 30: 1 for DB@dble 4. Furthermore, we may
single S-cone. extend the same idea of “Yellow” signal as the major spectral
component to the ON DB plus GB and the OFF DB pathways.
S-cone Contribution to MG and PG Cells Our data may provide a structural basis for the high-resaluti
The S-cone to M/L-cone ratio is approximately 1: 9 in thephysiological results dfield et al. (201Qwho showed there was
present examination area. However, every ganglion cell dog§ong S-cone input to some OFF MG cells and a scarcity of S-
not have about 10% of S-cone signal component. The contagfne input to most MG cells and all PG cells. In general, with
number analysis shows that the S-cone component was uneveiilie exception of the just-mentioned OFF MG cells connected
delivered by three steps through the cone-bipolar-gangliofio S-cones, the weakness of the S-cone connection is cortsisten
routes. First, an S-cone had 42 contacts whereas an M/L-cométh the physiological data ciun et al. (2006who showed that
had 52 contacts on averagiaple 2, thus the S-cone component S-cone inputs to MG-parvocellular and PG-magnocellular cells
decreased by a factor of 0.8. Second, via cone-bipolar sysapseere negligibleTailby et al. (2008also showed that the majority
the outputs of an S-cone were predominantly targeted up t®f MG-parvocellular and PG-magnocellular cells received no
four BB cells or an FMB cell. As a result, most of the S-conéetectable input from S-cones in the LGN. These studies may
component was carried by BB cells for ON signal and by abougtrengthen the notion that all bipolar cell types that connéwe t
one-tenths of the FMB cells for OFF signal. IMB cells have ngones laden with neural images to the ganglion cell outputs may
S-cone component. For DB plus GB cells, the percentages of Init visual perception by higher centers.
cone contacts per bipolar cell were ranged from 0.5 to 6%. Third,
the major stream of the S-cone component was directed to smaAUTHOR CONTRIBUTIONS
bistrati ed ganglion cells for ON signal and some OFF MG cells
for OFF signal. The minor stream of S-cone component waghe authors had full access to all the data in the study and tak
directed via ON DB plus GB cells and OFF DB cells to MG andull responsibility for the integrity and the accuracy of thatd
PG cells. For ON system, in addition, BB cells slightly dbobed ~ analysis. YT designed this study, took micrographs, acquired
to ON MG cells but not to ON PG cellsF{gure 10. Taken data, interpreted results, and wrote the manuscript. NO took
together, MG and PG cells form M/L-cone dominant pathwaysmnicrographs, acquired data, and checked the manuscript.
except some OFF MG cells.
Lee et al. (2004peported that most DB6 cells contacted S-ACKNOWLEDGMENTS
cones in macaque retina as revealed by immuno uorescence,
with a M/L-cone: S-cone contact number ratio of 8: 1. TheyWe would like to thank Toshiko Inoue and Ritsuko Fujimoto for
suggested that the DB cell may carry a “Yellow-ON” signal as ththeir technical assistance and also Enago for the Englisiuéagey
major spectral component. We agree with this idea based on ouieview. This work was supported in part by a JSPS Grant-in-Aid
data that the contact number product ratio of M/L-cone: S-conefor Scienti ¢ Research (22500317) to YT.
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