





















































Molecular Vision 2011; 17:355-379 <http://www.molvis.org/molvis/v17/a41> © 2011 Molecular Vision

Figure 15. The ON starburst amacrine cell stratum of the inner plexiform layer also contains long synapti&:cfi&ing. screen capture

at locus x 59627, y 34285, z 240 shows four amacrine cells (A1, A2, A3, A4) forming a concatenated chain (yellow circles) in the stratum
occupied by the dendrites of ON starburst amacrine cell C4890 (magenta). C4890 is also postsynaptic to AC1 (orange circle) in this and other
sections. The synaptic chain was re-imaged at high-resolution (0.5 nm/pixel) and goniometric tilt iBjiariIThe AC1: AC2 synapse

viewed with 55° tilt.C: The AC2: AC3 synapse viewed with 20° tiltD: The AC3: AC4 synapse viewed with 20° tilt. The scale for panel

A'is 1000 nm; for panels B-D it is 500 nm.
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Figure 16. AGB mapping allows
visualization of bipolar cell light
responses. A: Slice 001 transmission
electron microscope (TEM) with an
overlay of  glycine:AGB —
magenta.green mapping shows a
collection of mapped bipolar cells. B:
Slice 001 with glycine:AGB —
magenta.green mapping alone shows
only the molecular signatures of the
cells. C: Slice 001 with greyscale
glycine intensity mapping reveals both
glycinergic amacrine cells and bipolar
cells coupled to AIl amacrine cells. D:
Slice 001 with greyscale AGB intensity
mapping displays the light responses of
all bipolar cells. Six identified bipolar
cells are circled: one G+ WF (wide-
field) bipolar cell (170), two OFF
bipolar cells (173, 175), two rod bipolar
cells (5595, 5614) and one non-coupled
ON layer bipolar cell (5292).

can exceed 1 um? This is a substantial postsynaptic size
compared to most amacrine cell synapses onto bipolar cell
axon terminals (e.g., Figure 13D), where the typical area is
less than 0.2 um?. Such synapses, singly or in clusters, could
modify bipolar cell potentials by global hyperpolarization or
local shunting. Their function remains unknown, but the
existence of both axonal ribbon and veto synapses suggests
that electrotonic lengths of complex, highly branched
mammalian cone bipolar cells might be neither large nor
constant, as presumed from earlier sharp electrode recordings
of fish bipolar cells [51]. Given the large synaptic surfaces of
the cone bipolar cell terminals, they likely have a lower
impedance than their long, thin axons. Considering these
topologies as dendritic spines [52] raises the possibility that
modulating axon impedance (analogous to the spine shaft)
could gate signal transmission from bipolar cell soma —
terminal or vice versa. Viewed as single instances in a TEM
image, these axonal ribbon and veto synapses would be
unremarkable, as there would be no way to know that they
were associated with bipolar cell axons instead of other
processes such as ramifying bipolar cell terminals.
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Connectomics makes the for their existence

unambiguous.

case

Network complexity: The functions of the serial amacrine cell
synapses described by Dowling [53] have never been
satisfactorily resolved. Nested and concatenated motifs found
abundantly in teleost retinas [14] have not been similarly
explored in mammals. RC1 clearly displays extensive
amacrine cell concatenation. Glycine — GABA and GABA
— glycine motifs are common (Figure 4,Figure 6,Figure 13),
consistent with recent physiologic data for alternating
pharmacologic drive [54-57]. In particular, every G+
amacrine cell we have found in RC1 is both presynaptic and
postsynaptic to y+ amacrine cells. This suggests that the
surrounds of most or all ganglion cells are built from
pharmacologically complex chains instead of simple BC — y
+ AC — BC networks. As shown above, All cells both receive
from and target y+ amacrine cells. Furthermore, Al cells that
target All cells in the rod bipolar cell layer of the IPL are
themselves driven by G+ OFF amacrine cells (Figure 13),
creating a chain of OFF G+ AC — ON y+ AI AC — ON G+
AIl AC — y+ GABA AC signaling, mixing scotopic/photopic
and GABAergic/glycinergic signals.
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Figure 17. Bivariate glycine (abscissa)
and photopic light-stimulated AGB
signals (ordinate) for the validated
bipolar cells shown in Figure 14 form
unique clusters. OFF cone bipolar cells
(black) have some of the strongest light-
driven responses, while the mean
response of most coupled ON cone
bipolar cells (orange) is weaker. WF
bipolar cells form a small subgroup
6) N within the entire G+ ON bipolar cell
Q cluster (blue). Rod bipolar cells show no
; significant response. Conversely, three
non-coupled, G- cone BCs terminating
o] high in the ON layer have extremely
strong responses (white). The stimulus
regime was a 3 Hz pulse train of 3
yellow/black pulse cycles followed by
one blue/black pulse cycle with a 50%

duty cycle over 90 min.

Au-coupled

75 100

The surround organizations of both ON and OFF bipolar
ganglion cells clearly engage numerous long amacrine cell
chains (Figure 14, Figure 15), though their functions remain
unknown. There are four basic synaptic motifs that could lead
to long chains: (1) Reentrant signaling (Aj [1 Aj), where an
amacrine cell targets its own class and implicitly generates
long chains. Encountering long chains in a very local region
suggests that both the coverage and the Hausdorff dimension
[58] of the dendritic arbor for Aj are high. (2) Reciprocal
amacrine cell signaling (Aj [ Ak) is rare, but we have found
it involving an interstitial ON-OFF y+ AC in RCI and it has
been previously reported in goldfish retina for glycinergic
amacrine cells [59]. It too will generate infinitely long chains
depending on the dual coverages and Hausdorff dimensions
of Aj and Ak. (3) Looping signaling (Aj — Ak — Am — Aj)
gives each cell a nonreciprocal, nonreentrant target but
potentially creates very long chains. This specific motif has
not yet been found. (4) Finally, simple chains of n distinct
classes (Aj — ... — An) will create chains of exactly n steps.
The ON layer associated with starburst amacrine cells is
replete with very long chains (Figure 15), with at least six steps
in a local region. We think it is unlikely that a simple chain
will involve six distinct cell classes. Type 1 reentrant signaling
via direct starburst — starburst connections [60] explains the
topology, consistent with the evidence of direct inhibitory
GABA synapses between starburst cells as shown by Lee and
Zhou [61].

Another feature of network complexity is crossover, a
mechanism proposed by Werblin and colleagues for sign-
inverting signal transfer between ON and OFF channels to

correct for synaptic rectification [62,63]. Narrow field
glycinergic amacrine cells such as All cells are some of the
most likely candidates to mediate crossover, since they likely
have significant photopic ON pathway drive and synaptic
outputs to many types of OFF pathway components, including
most OFF bipolar cells, several OFF amacrine cells and some
kinds of OFF ganglion cells.

Molecular markers and activity: RC1 contains molecular
markers that have previously been shown to be useful in
categorizing retinal cells [8] at the optical level. By using
multichannel classification based on GABA, glycine,
glutamate, taurine, and glutamine signals, every cell can be
grouped into one of several major classes of retinal neurons.
The inclusion of the excitation mapping marker AGB in vivo
with optical stimulation (alternating yellow and blue flashes
in this case) embeds an additional signal that allows further
segmentation. We here demonstrate that G+ bipolar cells
correspond identically to ultrastructurally identified ON cone
bipolar cells that make gap junctions with AIl amacrine cells.
In addition, different bipolar cell classes show vastly different
light-driven AGB responses, suggesting that each bipolar cell
is tuned for various stimulus conditions and provides
corresponding output drive. AGB is a channel permeant cation
with high selectivity for glutamate-activated AMPA, KA, and
N-methyl-D-aspartate (NMDA) receptors, as well as
unactivated mGluR6-gated channels; its signal strength
represents the time integral of the glutamate input drive
[8-12]. Under the light stimuli used here, OFF bipolar cells
showed the largest AGB signals and, by extension, the largest
light-activated currents, similar to our findings using AMPA
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Figure 18. Neuronal processes are often apposed without synaptic contacts. A: A dendrite (purple) from ON ganglion cell C7594 courses
through the inner plexiform layer and is physically apposed to many cells with which it never makes synaptic contact, such as an amacrine
cell dendrite (AC, orange). B: An enlarged view of the apposition shown in panel A. The amacrine cell membrane is directly apposed to
ganglion cell C7594 with no intervening glial processes (M). The image is centered on x 71300, y 46622, z 279 in RC1, the apposition spans
sections 275-286 (770-990 nm), and is at least 1450 nm long in the XY plane. C: An apposition between an ON cone bipolar cell (BC, azure)
and ganglion cell C7594 at a more distal location in RC1. E denotes glutamate; y denotes GABA; 1 denotes taurine. The letter colors match
the profiles in the image. The bipolar cell makes a ribbon monad onto a very small amacrine cell dendrite, but is never presynaptic to the
ganglion cell. The image is centered on x 73722,y 53700, z 258 in RC1, spans sections 256269 (910-1170 nm), and is at least 2200 nm long
in the XY plane based on serial tracking. Scales, 1000 nm.

¥ !

and KA drive [11]. One intriguing outcome was the virtual ~ the physiologically [64] and immunocytochemically [65]
absence of AGB signals in rod bipolar cells. Since this bright ~ uncoupled bipolar cells previously described in mammals. If
photopic stimulus should have saturated rod photoreceptors,  these cells also display only mGluR6-gated signaling, it
the glutamate release should have been extremely low and, by ~ suggests that part of the low signal currents in G+ bipolar cells
extension, the mGluR6-gated cation conductance and AGB arises from either direct loss of AGB into coupled cells by
permeation should have been maximal in rod bipolar cells. diffusion and/or that the lower impedance of coupled cells
This suggests that either saturated rod photoreceptor  reduces the driving force for AGB current through channels.
glutamate release was paradoxically high or rod bipolar cells
have an adaptive mechanism to shut down their mGluR6-
gated cation conductances in the photopic state. The former
is not likely the case, as high rod glutamate release would also
have generated high AGB signals in horizontal cell axon
terminals by activating AMPA receptors. The horizontal cell
axon terminals had negligible AGB signals (not shown). In
contrast, G+ ON cone bipolar cells showed moderate to strong
AGB signals, on average less than uncoupled cells. We also
detected three G- ON cone bipolar cells, which had the largest
AGB responses of all cells in RC1. These may correspond to

These results suggest a next stage of analysis that we have
only begun: response correlations across connected neurons.
For example, OFF bipolar cell 325 has a high AGB signal, is
a finely branched OFF bipolar cell with few ribbons, and is
connected to All amacrine cell 6153 and y+ amacrine cell 115.
However, cells 6153 and 115 both have moderate AGB
signals (data not shown). These amacrine cells also receive
ribbon synapses from other classes of OFF cone bipolar cells
and, thus, their response properties are likely represent a
combination of bipolar cell input strengths and their own
iGluR profiles. It is our hope that we can eventually build a
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full matrix of response correlations once the connectivity
mapping of RC1 is complete.

New perspectives on networks: Network graph theory
provides a new context for analyzing retinal networks.
Connectomics provides a tool to map connections into graphs
and discover new communication modes. For example, the
connections we refer to as cistern contacts were discovered
long ago [66], but their functions remain unknown. However,
we can now map their relationships across neurons and
perhaps develop strategies for screening them with molecular
markers. The richness of retinal networks (synapses, gap
junctions, and possibly cistern contacts), coexisting fields of
sparse and dense synaptic contact motifs, high connection
specificities [e.g., 67], a high rate of unrealized synaptic
opportunities (Figure 18), and the requirement that retinal
topology conform to imaging sampling rules forces the retina
to be a sparse multigraph with many vertices (cell contact
points) of very low connection degree [68], similar to very
large scale integrated (VSLI) circuits. A low connection
degree means that retinal networks display many fewer
connections at certain vertices than theoretically possible
[69]. This sparseness may shed some light on our expectations
of connection statistics within cell groups. For example, why
are axonal ribbons not present in all ON cone bipolar cells?
While one obvious answer would be that there are different
kinds of ON cone bipolar cells with varied connection rules,
it is also likely that not all axons intersect every correct
candidate target. Importantly, there are no null ribbons, i.e.,
membrane-associated ribbons without postsynaptic partners.
Thus, the driving mechanism is more likely geometry rather
than simple connectivity. Long, straight neurites of radiate
amacrine cells in fish [70] and certain wide-field amacrine
cells in mammals [71] (e.g., Al cells, Sl type) cannot
geometrically contact all members of a target class without
strongly curving. Thus, cell coverage determines the number
of vertices successfully hit by the connecting edges, not the
number of edges passed. Why should we care about sparse
multigraphs? If sparse connectivity underlies the architecture
of retina and brain organization, the precision of contacts
needs to be very high [72]. There are two polar concepts for
wiring systems: statistical and precise. Statistical networks
reach consensus by averaging signals and allowing errors,
sometimes at high rates. Precise networks are just that:
networks with few errors and strong connection rules. As we
explore RC1, we will be able to determine the degree and the
nature of variation across individual copies of a single cell
class (e.g., AIl amacrine cells) or within a network.

ACKNOWLEDGMENTS
The authors thank Hope Morrison and Adam Walters for cell
tracking. Funding sources include NEI RO1 EY02576, RO1
EY015128, PO1 EY014800, NSF 0941717 (R.E.M.); the
Calvin and JeNeal Hatch Presidential Endowed Chair
(R.E.M.); an unrestricted grant from Research to Prevent

377

© 2011 Molecular Vision

Blindness to the Moran Eye Center; a Research to Prevent
Blindness Career Development Award (B.W.J.); NIBIB
EBO005832 (T.T.); the Utah Science Technology and Research
Initiative (USTAR; T.T.). D. Mastronarde’s work was
supported by P41RR00592 to A. H. Hoenger from the NIH
National Center for Research Resources (NCRR). This
paper's contents are solely the responsibility of the authors and
do not necessarily represent the official view of NCRR or
NIH. Funding for the JEOL JEM-1400 was generously
provided by Martha Ann Healy, a friend of the Moran Eye
Center. The RC1 data set is freely available to be transferred
to user media or viewed with Viking application upon request.
Disclosure: Robert E. Marc is CEO of Signature
Immunologics, Inc., manufacturer of some reagents used in
this work.

REFERENCES

Sporns O, Tononi G, Kétter R. The Human Connectome: A
structural description of the human brain. PLOS Comput Biol
2005; 1:e42. [PMID: 16201007]

Lichtman JW, Livet J, Sanes JR. A technicolour approach to the
connectome. Nat Rev Neurosci 2008; 9:417-22. [PMID:
18446160]

Anderson JR, Jones BW, Yang JH, Shaw MV, Watt CB,
Koshevoy P, Spaltenstein J, Jurrus E. U V K, Whitaker RT,
Mastronarde D, Tasdizen T, Marc RE. A computational
framework for ultrastructural mapping of neural circuitry.
PLoS Biol 2009; 7:¢1000074. [PMID: 19855814]

Anderson JR, Mohammed S, Grimm B, Jones BW, Koshevoy
P, Tasdizen T, Whitaker R, Marc RE. The Viking viewer for
connectomics:  scalable multi-user annotation and
summarization of large volume data sets. J Microsc 2010;
241:13-28.

Marc RE, Murry RF, Basinger SF. Pattern recognition of amino
acid signatures in retinal neurons. J Neurosci 1995;
15:5106-29. [PMID: 7623139]

Fiala JC. Three-dimensional structure of synapses in the brain
and on the web 2002 World Congress on Computational
Intelligence; May 12—-17, Honolulu, Hawaii 2002.

Helmstaedter M, Briggman KL, Denk W. 3D structural imaging
of the brain with photons and electrons. Curr Opin Neurobiol
2008; 18:633-41. [PMID: 19361979]

Marc RE, Jones BW. Molecular phenotyping of retinal ganglion
cells. J Neurosci 2002; 22:412-27.

Marc RE. Mapping glutamatergic drive in the vertebrate retina
with a channel-permeant organic cation. ] Comp Neurol 1999;
407:47-64. [PMID: 10213187]

Marc RE. Kainate activation of horizontal, bipolar, amacrine,
and ganglion cells in the rabbit retina. ] Comp Neurol 1999;
407:65-76. [PMID: 10213188]

Marc RE, Kalloniatis M, Jones BW. Excitation mapping with
the organic cation AGB2+. Vision Res 2005; 45:3454-68.
[PMID: 16139860]

Marc RE, Jones BW, Anderson JR, Kinard K, Marshak DW,
Wilson JH, Wensel T, Lucas RJ. Neural reprogramming in
retinal degenerations. Invest Ophthalmol Vis Sci 2007;
48:3364-71. [PMID: 17591910]

10.

11.

12.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16201007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18446160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18446160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19855814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7623139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19361979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10213187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10213188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16139860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16139860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17591910
http://www.molvis.org/molvis/v17/a41

Molecular Vision 2011; 17:355-379 <http://www.molvis.org/molvis/v17/a41>

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tasdizen T, Koshevoy P, Grimm BC, Anderson JR, Jones BW,
Watt CB, Whitaker RT, Marc RE. Automatic mosaicking and
volume assembly for high-throughput serial-section
transmission electron microscopy. J Neurosci Methods 2010;
194:132-44. [PMID: 20951739]

Marc RE, Liu W. Fundamental GABAergic amacrine cell
circuitries in the retina: nested feedback, concatenated
inhibition, and axosomatic synapses. J] Comp Neurol 2000;
425:560-82. [PMID: 10975880]

Strettoi E, Raviola E, Dacheux RF. Synaptic connections of the
narrow-field, bistratified rod amacrine cell (AIl) in the rabbit
retina. ] Comp Neurol 1992; 325:152-68. [PMID: 1460111]

Marc RE, Liu WL, Kalloniatis M, Raiguel SF, van
Haesendonck E. Patterns of glutamate immunoreactivity in
the goldfish retina. J Neurosci 1990; 10:4006-34. [PMID:
1980136]

Marc RE, Cameron DA. A molecular phenotype atlas of the
zebrafish retina. J Neurocytol 2003; 30:593-654.

Mastronarde DN. Automated electron microscope tomography
using robust prediction of specimen movements. J Struct Biol
2005; 152:36-51. [PMID: 16182563]

Martone ME, Gupta A, Wong M, Qian X, Sosinsky G,
Ludischer B, Ellisman MH. A cell centered database for
electron tomographic data. J Struct Biol 2002; 138:145-55.
[PMID: 12160711]

Martone ME, Tran J, Wong WW, Sargis J, Fong L, Larson S,
Lamont SP, Gupta A, Ellisman MH. The Cell Centered
Database project: An update on building community
resources for managing and sharing 3D imaging data. J Struct
Biol 2008; 161:220-31. [PMID: 18054501]

Porter T, Duff T. Compositing digital images. Comput Graph
(ACM) 1984; 18:253-9.

Kolb H, Famiglietti EV. Rod and cone pathways in the inner
plexiform layer of cat retina. Science 1975; 186:47-9.

MacNeil MA, Heussy JK, Dacheux RF, Raviola E, Masland
RH. The population of bipolar cells in the rabbit retina. J
Comp Neurol 2004; 472:73-86. [PMID: 15024753]

Kalloniatis M, Marc RE, Murry RF. Amino acid signatures in
the primate retina. J Neurosci 1996; 16:6807-29. [PMID:
8824321]

Menger N, Pow DV, Wassle H. Glycinergic amacrine cells of
the rat retina. J Comp Neurol 1998; 401:34-46. [PMID:
9802699]

Marc RE, Liu WL. (3H) glycine-accumulating neurons of the
human retina. J Comp Neurol 1985; 232:241-60. [PMID:
2982926]

Cohen E, Sterling P. Accumulation of (3H)glycine by cone
bipolar neurons in the cat retina. J Comp Neurol 1986;
250:1-7. [PMID: 3734165]

Voigt T, Wissle H. Dopaminergic innervation of A Il amacrine
cells in mammalian retina. J Neurosci 1987; 7:4115-28.
[PMID: 2891802]

Marc RE, Jones BW, Pandit P, Anderson JR, Raleigh TM.
Excitatory drive patterns of TH1 dopaminergic polyaxonal
cells in rabbit retina. ARVO Annual Meeting; 2008 April 27-
May 1; Fort Lauderdale (FL).

Hoshi H, Liu W-L, Massey SC, Mills SL. ON inputs to the OFF
layer: Bipolar cells that break the stratification rules of the
retina. J Neurosci 2009; 29:8875-83. [PMID: 19605625]

378

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

© 2011 Molecular Vision

Xin D, Bloomfield SA. Comparison of the responses of All
amacrine cells in the dark- and light-adapted rabbit retina. Vis
Neurosci 1999; 16:653-65. [PMID: 10431914

Mills SL, Massey SC. Differential properties of two gap
junctional pathways made by AIl amacrine cells. Nature
1995; 377:734-7. [PMID: 7477263

Pang JJ, Gao F, Lem J, Bramblett DE, Paul DL, Wu SM. Direct
rod input to cone BCs and direct cone input to rod BCs
challenge the traditional view of mammalian BC circuitry.
PNAS USA. 2010; 107:395-400. [PMID: 20018684]

Dacheux RF, Raviola E. The rod pathway in the rabbit retina:
A depolarizing bipolar and amacrine cell. J Neurosci 1986;
6:331-45. [PMID: 3950701]

Famiglietti EVJ. Wide-field cone bipolar cells and the blue-ON
pathway to color-coded ganglion cells in rabbit retina. Vis
Neurosci 2008; 25:53-66. [PMID: 18282310]

Field GD, Greschner M, Gauthier JL, Rangel C, Shlens J, Sher
A, Marshak DW, Litke AM, Chichilnisky EJ. High-
sensitivity rod photoreceptor input to the blue-yellow color
opponent pathway in macaque retina. Nat Neurosci 2009;
12:1159-64. [PMID: 19668201]

Calkins DJ, Tsukamoto Y, Sterling P. Microcircuitry and
mosaic of a blue-yellow ganglion cell in the primate retina. J
Neurosci 1998; 18:3373-85. [PMID: 9547245]

Cohen E, Sterling P. Demonstration of cell types among cone
bipolar neurons of cat retina. Philos Trans R Soc Lond B Biol
Sci 1990; 330:305-21. [PMID: 1982357]

Bloomfield SA, Xin D. Surround inhibition of mammalian AIl
amacrine cells is generated in the proximal retina. J Physiol
2000; 523:771-83. [PMID: 10718754]

McMahon MJ, Packer OS, Dacey DM. The classical receptive
field surround of primate parasol ganglion cells is mediated
primarily by a non-GABAergic pathway. J Neurosci 2004;
24:3736-45. [PMID: 15084653]

Sakai HM, Naka K-I. Dissection of the neuron network in the
catfish inner retina. IV. Bidirectional interactions between
amacrine and ganglion cells. J Neurophysiol 1990;
63:105-19. [PMID: 2153768]

Davis GW, Naka K-I. Spatial organization of catfish retinal
neurons. [. Single and random-bar stimulation. J
Neurophysiol 1980; 43:807-31. [PMID: 7373358]

Brecha N. Peptide and peptide receptor expression and function
in the vertebrate retina. In: Chalupa L, Werner J, editors. The
Visual Neurosciences. Cambridge, MA: MIT Press; 2004. p.
334-54.

Descarries L, Bérubé-Carriére N, Riad M, Bo GD, Mendez JA,
Trudeau LE. Glutamate in dopamine neurons: Synaptic
versus diffuse transmission. Brain Res Brain Res Rev 2008;
58:290-302.

Beaudoin DL, Manookin MB, Demb JB. Distinct expressions
of contrast gain control in parallel synaptic pathways
converging on a retinal ganglion cell. J Physiol 2008;
586:5487-502. [PMID: 18832424]

Han Y, Massey SC. Electrical synapses in retinal ON cone
bipolar cells: subtype-specific expression of connexins. Proc
Natl Acad Sci USA 2005; 102:13313-8. [PMID: 16150718]

Dbouk HA, Mroue RM, El-Sabban ME, Talhouk RS.
Connexins: a myriad of functions extending beyond assembly
of gap junction channels. Cell Commun Signal 2009; 7:4.
[PMID: 19284610]


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20951739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10975880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1460111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1980136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1980136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16182563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12160711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12160711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18054501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15024753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8824321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8824321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9802699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9802699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2982926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2982926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3734165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2891802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2891802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19605625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10431914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7477263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20018684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3950701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18282310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19668201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9547245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1982357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10718754
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15084653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2153768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7373358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18832424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16150718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19284610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19284610
http://www.molvis.org/molvis/v17/a41

Molecular Vision 2011; 17:355-379 <http://www.molvis.org/molvis/v17/a41>

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Dumitrescu ON, Pucci FG, Wong KY, Berson DM. Ectopic
retinal ON bipolar cell synapses in the OFF inner plexiform
layer: Contacts with dopaminergic amacrine cells and
melanopsin  ganglion cells. J Comp Neurol 2009;
517:226-44. [PMID: 19731338]

Scholes JH. Colour receptors, and their synaptic connexions, in
the retina of a cyprinid fish. Philos Trans R Soc Lond B Biol
Sci 1975; 270:61-118. [PMID: 234623]

Markram H, Toledo-Rodriguez M, Wang Y, Gupta A,
Silberberg G, Wu C. Interneurons of the neocortical inhibitory
system. Nat Rev Neurosci 2004; 5:793-807. [PMID:
15378039]

Murakami M, Shimoda Y. Intracellular double staining:
localization of recording site in single retinal neurons. Brain
Res 1978; 144:164-8. [PMID: 76499]

Jack JJB, Noble D, Tsien RW. Electric current flow in excitable
cells. Oxford, UK: Clarendon Press; 1975.

Dowling JE. Synaptic organization of the frog retina: an
electron microscopic analysis comparing the retinas of frogs
and primates. Proc R Soc Lond B Biol Sci 1968; 158:232-52.

Hsueh HA, Molnar A. FS. W. Amacrine-to-amacrine cell
inhibition in the rabbit retina. J Neurophysiol 2008;
100:2077-88. [PMID: 18667544]

Han Y, Zhang J, Slaughter MM. Partition of transient and
sustained inhibitory glycinergic input to retinal ganglion cells.
J Neurosci 1997; 17:3392-400. [PMID: 9133365]

Zhang J, Jung CS, Slaughter MM. Serial inhibitory synapses in
retina. Vis Neurosci 1997; 14:553-63. [PMID: 9194322]

Slaughter MM. Inhibition in the retina. In: Chalupa L, Werner
J, editors. The Visual Neurosciences. Cambridge, MA: MIT
Press; 2004. p. 355-68.

Falconer K. Fractal Geometry: Mathematical Foundations and
Applications. 2d ed. Chichester, UK: John Wiley & Sons, Ltd;
2003.

Marc RE, Lam DMK. Glycinergic pathways in the goldfish
retina. J Neurosci 1981; 1:52-165.

Famiglietti EVJ. Synaptic organization of starburst amacrine
cells in rabbit retina: Analysis of serial thin sections by
electron microscopy and graphic reconstruction. J Comp
Neurol 1991; 309:40-70. [PMID: 1894768]

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

© 2011 Molecular Vision

Lee S, Zhou ZJ. The synaptic mechanism of direction selectivity
in distal processes of starburst amacrine cells. Neuron 2006;
51:787-99. [PMID: 16982423]

Werblin FS. Six different roles for crossover inhibition in the
retina: correcting the nonlinearities of synaptic transmission.
Vis Neurosci 2010; 27:1-8. [PMID: 20392301]

Molnar A, Hsueh H-A, Roska B, Werblin FS. Crossover
inhibition in the retina: circuitry that compensates for
nonlinear rectifying synaptic transmission. J Comput
Neurosci 2009; 27:569-90. [PMID: 19636690]

Deans MR, Volgyi B, Goodenough DA, Bloomfield SA, Paul
DL. Connexin36 is essential for transmission of rod-mediated
visual signals in the mammalian retina. Neuron 2002;
36:703-12. [PMID: 12441058]

Petrides A, Trexler EB. Differential output of the high-
sensitivity rod photoreceptor: AIl amacrine pathway. J Comp
Neurol 2008; 507:1653-62. [PMID: 18241050]

Fisher SK, Goldman K. Subsurface cisterns in the vertebrate
retina. Cell Tissue Res 1975; 164:473-80. [PMID: 1203962]

Stepanyants A, Tamas G, Chklovskii DB. Class-specific
features of neuronal wiring. Neuron 2004; 43:251-9. [PMID:
15260960]

Diestel R. Graph Theory. 3rd ed. Heidelberg: Springer-Verlag;
2005.

Coleman TF, Mor¢ JJ. Estimation of sparse Jacobian matrices
and graph coloring problems. SIAM J Numer Anal 1983;
20:187-209.

Wagner HJ, Wagner E. Amacrine cells in the retina of a teleost
fish, the roach (Rutilus rutilus): a Golgi study on
differentiation and layering. Philos Trans R Soc Lond B Biol
Sci 1988; 321:263-324. [PMID: 2906747]

MacNeil MA, Heussy JK, Dacheux RF, Raviola E, Masland
RH. The shapes and numbers of amacrine cells: Matching of
photofilled with Golgi-stained cells in the rabbit retina and
comparison with other mammalian species. J Comp Neurol
1999; 413:305-26. [PMID: 10524341]

Chung F, Lu L. Complex Graphs and Networks. Providence,
RI: American Mathematical Society; 2006.

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 31 January 2011. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.

379


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19731338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=234623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15378039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15378039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=76499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18667544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9133365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9194322
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1894768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16982423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20392301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19636690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12441058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18241050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1203962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15260960
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15260960
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2906747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10524341
http://www.molvis.org/molvis/v17/a41

