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RETINA

PETER STERLING anD JONATHAN B. DEMB

The retina is a thin sheet of neural tissue lining the posterior hemisphere of the eye
ball. It is actually part of the brain itself (=0.5%), evaginating from the lateral wall of
the neural tube during embryonic development. The optic stalk grows out from the
brain toward the ectoderm, inducing it to form an optical system (cornea, pupil, lens),
which projects a physical image of the world onto the retina. The retina’s task is to
convert this optical image into a “neural image” for transmission down the optic nerve
to a multitude of centers for further analysis. The task is complex—which is reflected
in the synaptic organization.

The transformation from optical to neural image involves three stages: (I) trans-
duction of the image by photoreceptors; (2) transmission of these signals by excitatory
chemical synapses to bipolar neurons; and (3) further transmission by excitatory chem-
ical synapses to ganglion cells. Ganglion cell axons collect in the optic nerve and pro-
ject forward to the brain. At each synaptic stage there are specialized laterally
connecting neurons called horizontal and amacrine cells. These modify (largely by in-
hibitory chemical synapses) forward transmission across the synaptic layers. These el-
ements are shown schematically in Fig. 6.1.

A closer look at this apparently simple design (three interconnected layers and five
broad classes of neuron) reveals additional complexity (Figs. 6.2 and 6.3). Each neu-
ron class is represented by several or many specific types. Each cell type is distin-
guished from others in its class by its characteristic morphology, connections, neuro-
chemistry, and function (Rodieck and Brening, 1983; Sterling, 1983). This diversity,
amounting to some 80 cellular types (Kolb et al., 1981; Sterling, 1983; Vaney, 1990;
Masland, 2001), was puzzling at first, but a broad explanation has gradually emerged:
it is impossible to encode all the information in an optical image using a single neu-
ral image. Therefore, the retina uses different cell types to create parallel circuits for
simyltaneous transmission of multiple neural images to the brain. The retina also cre-
ates separate circuits for different light levels—daylight, twilight, and starlight—but
these share certain circuit components and use the same final pathways to the brain
(Smith et al., 1986).

This chapter describes key cell types and their interconnection in parallel circuits. It
also discusses how the functional architecture of a circuit depends on the functional
architecture of its synapses. Finally, it suggests how the flow of visual information
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Fig. 6.1. Neuronal elements of the mammalian retina (same scale as diagrams for other regions).
Symbols are defined in legend for Fig 6.2.

shifts between circuits that are specialized for different light levels and how the cir-
cuits are switched. The chapter focuses on mammalian retina because that is where the
combined knowledge of circuitry and cell physiology is best known. Early efforts cen-
tered on cat, so specific measurements, counts, etc. cited here refer to cat central retina.
However, efforts have broadened to include rabbit, guinea pig, rat, mouse, monkey, and
human. These demonstrate strongly conserved patterns in the cucmtry, as well as spe-
cial adaptations, and some of both are mentioned.

NEURONAL ELEMENTS

INPUT ELEMENTS: RECEPTORS

Photoreceptors are elongated (Fig. 6.4). The distal tip points toward the back of the
eye, away from the light, and is embedded in folds of melanotic epithelium. The outer
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Fig. 6.2. Neuronal elements, scale enlarged in the vertical axis, to show more clearly the cell
morphology and layers. Inputs: rod and cone photoreceptors. Principal neurons: ON and OFF
ganglion cells (Gon, Gog). Intrinsic neurons: rod bipolar (RB) and cone bipolar (CB) neurons;
horizontal (H), and amacrine neurons (A). IPL, inner plexiform layer. All designates a specific
type of amacrine cell that serves the starlight circuit (see text).
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Fig. 6.3. Radial section through monkey retina about 5 mm (=25 degrees) from the fovea. Here,
cone and rod inner segments are easily distinguished from each other, as are their terminals in
the outer plexiform layer. Pigmented cells of the choroid layer (Ch) attach the active form of vi-
tamin A (aldehyde) to opsin and return it to the outer segment. Pigment cells also phagocytose
membrane discs, shed daily from the outer segment tips. Abbreviations: OS, outer segments; IS,
inner segments; ONL, outer nuclear layer; CT, cone terminal; RT, rod terminal; OPL, outer plex-
iform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; B,
bipolar cell; M, Miiller cell; H, horizontal cell; A, amacrine cells; ME, Miiller end feet; Gon,
ON ganglion cell; Gogg, OFF ganglion cell. [Light micrograph from N. Vardi.]

segment contains about 900 membranous discs, stacked perpendicular to the cell’s long
axis (Fig. 6.4B). The disc surface is densely packed with molecules of the photopigment
rhodopsin, at nearly 60,000 per disc (reviewed in Pugh and Lamb, 1993). The inner
segment is filled with mitochondria. These fuel the ion pumps essential for transduc-
tion and raise the refractive index, thereby creating a wave-guide that traps photons
and funnels them to the outer segment (Enoch, 1981).

The region of the photoreceptor, between the inner segment and the soma, contains
the usual machinery for protein synthesis and packaging. Because the soma is stouter
than the inner segment (which packs densely with its neighbors), the somas pile up
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Fig. 6.4. A: Isolated rod photoreceptor (rabbit) showing the cell’s distinct regions. Light mi-
crograph. B: Radial section through rod outer/inner segment junction (salamander) showing reg-
ularly spaced membraneous discs (D) and densely packed mitochondria (M). Abbreviations: CB,
cell body; T, terminal. [Electron micrographs from Townes-Anderson et al., 1985, 1988, with
permission.]

in tiers (outer nuclear layer; see Fig. 6.3). The photoreceptor axon is generally short,
50 pm or less, except those in the fovea, where extremely dense packing of cones
leaves no room for connections to the second- and third-order neurons. A foveal cone
axon can be as long as 500 wm (Polyak, 1941; Schein, 1988; Hsu et al., 1998). The
photoreceptor axon ends, without branching, in a single, highly specialized synapse
that contains one or more synaptic “ribbons” (see Figs. 6.4 and 6.13).

Intensity Range. Light intensity in the natural environment varies over a range of about
10'°, and we can see over this entire range. Two types of receptor divide the range: rods
for night and cones for day. In mammals both have a narrow outer segment: - to 2-um
diameter for the rod and 3- to 5-um diameter for the cone. This ensures a small cyto-
plasmic volume, which is essential to a rapid response time, and this is suited to the
rapid image motion generated by rapid movements of the organism. By comparison, the
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rod of sluggish amphibians has a 5-fold greater diameter (25-fold greater volume) and
partly as a consequence is 10-fold slower (Pugh and Lamb, 1993). So, if our photo-
receptors were large, sports such as baseball or tennis would be out of the question.

A narrow outer segment limits the number of photons that a receptor can collect
within an “integration time.” A rod integrates photon signals over about 300 ms (Yau,
1994), yet starlight presents it with only 1 photon per 10 minutes! So even when the
light is 2000 times brighter, there is still only 1 photon per rod per integration time.
Thus, from dusk to dimmest starlight the rod detects single photons and needs to trans-
mit only a binary signal: 0 or 1 photon. The task of transmitting this irreducibly sim-
ple message shapes the circuit design at all stages proximal to the outer segment. For
example, the rod axon is extremely thin (0.25 um diameter), and the synaptic termi-
nal is small, with a single ribbon synapse (see Figs. 6.4 and 6.13).

A cone integrates photon signals over about 50 ms. During this interval, twilight
(with color just barely discernible) delivers about 10? photons per cone, and bright sun
delivers about 10° photons per cone (Schnapf et al., 1990). Thus, a cone integrates
many photons to give a graded signal with good temporal resolution. The cone, hav-
ing much more information to transmit than a rod, employs a thicker axon (1.6 um di-
ameter) and a larger terminal with many ribbon synapses (see Fig. 6.13). At dusk, as
light intensity drops below cone threshold (marked by loss of color perception), the
rod is collecting up to 102 photons per integration time. Thus, over a modest range
(2 log units of intensity), the rod produces a graded signal that fills in for the failing
cone. This graded rod signal for twilight is routed differently from the binary signal
for starlight (see Circuits, later).

Spectral Sensitivity. Mammals have a single type of rod (peak sensitivity at =500 nm).
This makes sense because at night photons are too sparse to be worth segregating by
wavelength. But in daylight, there are plenty of photons, so most mammals gain extra
information by using two cone types with different spectral sensitivity (Barlow, 1982).
Most cones (at least 90%) are tuned to middle wavelengths (peak at =550 nm), termed
“M” or green (reviewed in Jacobs, 1993). A few are tuned to short wavelengths (peak
at =450 nm), termed “S” or blue. Because S cones can be distinguished by morphol-
ogy and by antibody labeling, we know that they form a sparse but regular mosaic (de
Monasterio et al., 1981; Szél et al., 1988; Ahnelt et al. 1990; Curcio et al., 1991). These
anatomical methods confirm psychophysical maps of punctate sensitivity to S cone
stimuli (Williars et al., 1981). S cones connect via a selective circuit to a special type
of ganglion cell (see Circuits, later).

Old World primates (including humans) are special in being “trichromatic,” mean-
ing that there is an additional cone type tuned to long wavelengths (peak at =570 nm),
termed “L” or red. The M and L cone pigments are nearly identical except for a few
critical amino acids in the transmembrane region, so antibodies have not yet dis-
tinguished them (Neitz et al., 1991). Spectral sensitivity mapped for cone popula-
tions in situ shows M and L cones in monkey and human to distribute randomly in
clusters. M and L cones in humans distribute differently across an individual retina
and differ greatly between individuals—with surprisingly little effect on color vi-
sion (Roorda and Williams, 1999; Brainard et al., 2000; Neitz et al., 2002). How
these cones connect to ganglion cells is naturally of great interest and is presently
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controversial (Dacey, 1996; Calkins and Sterling, 1999; Martin et al., 2001; Reid
and Shapley, 2002).

Some animals using three cone pigments, such as fish, turtles, and birds, may ex-
press up to seven types of cone! This trick is accomplished by fitting the inner seg-
ment with an oil droplet of specific color/absorbance (red, yellow/ultraviolet [UV]).
These serve as filters to limit the spectral composition of the light entering the outer
segment (e.g., Ohtsuka, 1985). Also, evolution tunes cone pigments to match the en-
vironment’s spectral content. For example, Lake Baikal is very clear-and deep, but
longer wavelengths fail to penetrate at greater depths. Consequently, fish species at
greater depths shift their cone pigments down the spectrum (Bowmaker et al., 1994).
Equally wonderful in its vision capability is the kestrel (a falcon), which has a cone
type tuned to UV (=350 nm). Soaring high with this receptor, it can identify the urine
trails of its prey (meadow vole), which in sunlight fluoresce UV (Viitala et al., 1995).

INTRINSIC ELEMENTS FOR FORWARD TRANSMISSION: BIPOLAR AND AIl CELLS

Bipolar Cells. Bipolar somas occupy the middle region of the inner nuclear layer (see
Fig. 6.3). Their dendrites ascend to collect synapses from photoreceptors. One bipolar
type collects only from rods, and most other types collect only from cones. However,
one bipolar type in rodent retina receives chemical synaptic input directly from both
rods and cones (Soucy et al., 1998; Hack et al., 1999; Tsukamoto et al., 2001). Bipolar
axons descend to the inner plexiform layer where they provide ribbon synapses, each
directed at a pair of postsynaptic processes, termed a dyad (see later; Dowling and
Boycott, 1966).

The rod bipolar soma (7 wm diameter) is located high in the outer nuclear layer (Fig.
6.5). The narrow, candelabra-like, dendritic arbor penetrates the stratum of cone ter-
minals to reach the overlying rod terminals where it collects signals from 20 rods in
cat, 15-45 in human, and up to 80 rods or more in rabbit (Boycott and Dowling, 1969;
Dacheux and Raviola, 1986; Young and Vaney, 1991). The rod bipolar axon descends
without branching to the deepest stratum of the inner plexiform layer where it contacts
not ganglion cells, but a third-order, intrinsic neuron, termed the AJ7 amacrine cell (see
Fig. 6.2; Kolb and Famiglietti, 1974; McGuire et al., 1984; Freed et al., 1987; Strettoi
et al., 1990; Wissle et al., 1991). The cat rod bipolar terminal employs 30 ribbon
synapses, with little variation within or between animals (McGuire et al., 1984; Rao
and Sterling, 1991).

The cone bipolar somas are also small (=8 um), and the dendritic fields are narrow
(=15 pm; Fig. 6.6). The dendritic arbor typically collects signals from 5-10 overlying
cone terminals without skipping any (Cohen and Sterling, 1990a,b; Boycott and Wissle,
1991; Calkins and Sterling, 1996). An exception is the S cone bipolar cell, which does
skip overlying M and L cones to contact S cones exclusively (Mariani, 1984; Kouyama
and Marshak, 1992). The S cone bipolar cell has been defined clearly in monkey and
probably corresponds to the wide-field cone bipolar in cat and other mammals that also
skips certain cones (e.g., type bs, Fig. 6.6). Cone bipolar axons descend to the inner
plexiform layer, where each type selects a particular stratum and contacts both amacrine
and ganglion cells (Fig. 6.6). Cone bipolar teminals employ 30-130 ribbon synapses,
depending on cell type (Cohen and Sterling, 1990b; Calkins et al., 1994; Tsukamoto
et al,, 2001).
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Fig. 6.5. Rod bipolar array (rabbit) immunostained for protein kinase C. Dendrites of adjacent
cells overlap modestly in OPL, but axon terminals simply “tile” the deepest level of the IPL
without overlap. [Light micrograph from Young and Vaney, 1991, with permission.]

ON vs. OFF Bipolar Types. It was discovered early that some bipolar cells are excited
(i.e., depolarized) by light onset, whereas others are excited by light offset (Werblin
and Dowling, 1969; Kaneko, 1970). How the cone synapse manages to drive these cells
in opposite directions is explained later (see Fig. 6.15). Here we note that the two cat-
egories of axon terminate at different levels: OFF axons arborize in the upper half of
the inner plexiform layer, and ON axons arborize in the lower half (see Fig. 6.2). Within
these OFF and ON regions, multiple types segregate in different strata (see Fig. 6.6;
Kolb et al., 1981; Cohen and Sterling, 1990b; Boycott and Wissle, 1991; Euler et al.,
1996). It was unexpected that ON and OFF bipolar cells would comprise so many types
(=4 or 5 types for each category). Because all types (except for the S cone bipolar
cell) collect from the same cones, their spatial and spectral inputs are identical. There-
fore, one surmises that they carry different temporal components of the cone signal.
Indeed, two types of ON bipolar cell do differ temporally, some depolarizing sustainedly
to steady illumination, and others depolarizing transiently (Saito et al., 1985; Dacey et
al., 2000; Euler and Masland, 2000).

All Cell. The All soma in the amacrine cell layer sends a thick stalk to the ON level
of the inner plexiform layer where it arborizes richly to collect chemical synapses from
rod bipolar terminals (see Fig. 6.2; Kolb and Famiglietti, 1974; Vaney, 1985; Sterling
et al., 1988; Strettoi et al., 1990; Mills and Massey, 1999). This arbor also forms nu-
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Fig. 6.6. A: Multiple types of ON cone bipolar cell with axons in the ON region of the IPL.
Each type expresses a different number of ribbon outputs (noted at the right of each axon) and
a different pattern of gap junctions (filled circles, CB-All; open circles, CB-CB). Types b; —
b, collect from all the overlying cones without skipping any; type bs ignores the immediately
overlying cones and reaches widely to collect from outlying cones. [Reconstructions from Co-
hen and Sterling, 1990a,b.] B: ON beta ganglion cell arborizes among all types of ON cone bipo-
lar axon, but collects ribbon synapses from only three types (by, by, b3) in the proportion 80:40:20.
[From Cohen and Sterling, 1992, with permission.]

merous, large gap junctions with the axon terminals of ON cone bipolar cells. When
these gap junctions are in a conducting state, rod bipolar excitation spreads from AII
into the cone bipolar terminals, evoking their transmitter release onto ganglion cells
(see Fig. 6.21). The All also forms “lobular appendages” at the OFF level of the inner
plexiform layer. These structures, which are jammed with mitochondria and synaptic
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vesicles, provide inhibitory chemical synapses to OFF bipolar terminals and OFF gan-
glion cell dendrites (McGuire et al., 1984; Kolb and Nelson, 1993). This wiring ex-
plains how a single type of rod bipolar cell can simultaneously excite the ON and inhibit
the OFF ganglion cells (Mastronarde, 1983; Sterling, 1983).

OUTPUT ELEMENTS: GANGLION CELLS

Ganglion cell bodies form the innermost cellular layer of the retina (see Figs. 6.2 and
6.3). Their dendrites penetrate the inner plexiform layer to collect excitatory synapses
from bipolar axons and both excitatory and inhibitory synapses from amacrine cells.
Ganglion cell axons enter the optic nerve and extend to the brain. The domestic cat
optic nerve contains about 160,000 axons (260,000 for its wild progenitor; Williams et
al., 1993b); the human nerve contains about 1.2 million axons, and the macaque optic
‘nerve contains about 1.8 million axons (Potts et al., 1972). Because the number of
fibers in the optic nerve can vary 10-fold, it does not seem to be a physical “bottle-
neck” for information outflow as was commonly thought. Thus, the reason that many
cones converge onto a single ganglion cell is not to reduce the number of transmission
channels in the nerve but rather for deeper reasons to which we shall return.

Ganglion cell somas look pretty much alike (see Fig. 6.3), but Golgi impregnations
revealed the dendritic arbors to be remarkably diverse—on the order of 20 types (e.g.,
Polyak, 1941; Boycott and Dowling, 1969; Cajal, 1972; Boycott and Wissle, 1974;
Kolb et al., 1981). Now that one can record data from a ganglion cell in vitro and ren-
der its dendritic arbor visible by injecting dye, we realize that each morphological type
has a distinctive physiology. For example, the ganglion cell with a planar, “loopy” den-
dritic arbor responds selectively to stimuli moving in a particular direction (see Fig.
6.11C; Amthor et al., 1989a). This specific structure—function correspondence was first
shown in rabbit but also holds for cat, and probably also for primate (Berson et al.,
1998, 1999; Isayama et al., 2000). Thus, a ganglion cell type carrying a particular sort
of information can (like a gene) be conserved across species.

Each type of ganglion cell distributes to a particular brain region, which uses the
special information carried by that cell. Thus, the nucleus of the optic tract, which con-
trols optokinetic eye movements, collects from the directionally selective ganglion cell
(Pu and Amthor, 1990). And the suprachiasmatic nucleus, which uses light to reset cir-
cadian thythms, collects from another type that branches over extremely wide areas.
This ganglion cell type is unusual because it expresses its own visual pigment,
melanopsin, and thus monitors light levels independently of the rods and cones (Berson
et al., 2002; Hattar et al., 2002). Still other types of motion-selective ganglion cell proj-
ect to the superior colliculus—which uses the information to orient the head and eyes
(Rodieck and Watanabe, 1993; Berson et al., 1998, 1999; Isayama et al., 2000). Such
subcortical “house-keeping” centers use about 40% of the cat’s ganglion cells. But these
cells have small somas (=10 wm) and fine axons (0.3 um diameter), so they occupy
less than 5% of the optic nerve cross section. Similar numbers of house-keeping gan-
glion cells are required in primates, but their proportion of all ganglion cells is much
smaller—due to the high density of midget cells (see later; Rodieck et al., 1993).

The key region for mammalian visual processing is the striate cortex, which receives
its main thalamic input from the dorsal lateral geniculate nucleus. Thus, it is to this
nucleus that most ganglion cells project (60% in cat; 90% in monkey). Two major
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classes of ganglion cell in cat are geniculate-bound: “beta” and “alpha” cells (Fig. 6.7)
(Boycott and Wissle, 1974;, Wissle et al., 1981a,c; Stein et al., 1996). The beta cell
has a narrow, bushy dendritic tree and a sustained (tonic) discharge of action poten-
tials to a maintained stimulus (Figs. 6.2 and 6.7). The alpha cell has a wider, sparser
dendritic tree and a transient (phasic) discharge (Cleland and Levick, 1974; Stone and
Fukuda, 1974; Saito, 1983). The beta and alpha cells are each of two types, one with
dendrites in the ON strata of the inner plexiform layer and the other with dendrites in
the OFF strata (Fig. 6.7) (Famiglietti and Kolb, 1976). The former are excited by light
onset; the latter are excited by light offset (Fig. 6.7) (Nelson et al., 1978). Thus, they
are termed ON beta, OFF beta, ON alpha, and OFF alpha.

The primate retina expresses a similar division into ON and OFF versions of nar-
row-field, tonic cells and wider-field, phasic cells (e.g., de Monasterio, 1978). The nar-
row-field types are termed midget cells because in central retina the dendritic arbor
collects from a midget bipolar cell with input from a single cone (Polyak, 1941; Kolb
and Dekorver, 1991; Calkins et al., 1994), but more peripherally the arbor broadens to
collect from many midget bipolar axons (Watanabe and Rodieck, 1989; Dacey, 1993;
Goodchild et al., 1996b). Midget cells are also termed “P” cells because they project
to the lateral geniculate’s parvocellular layers. The wider-field cells are morphologi-
cally diverse (Polyak, 1941; Boycott and Dowling, 1969). Some are termed parasol
because of their broad, flat dendritic arbors. These are also termed “M” cells because
they project to the geniculate magnocellular layers (Perry et al., 1984; Watanabe and
Rodieck, 1989). However, other types of wide-field ganglion cell probably also pro-
ject to the magnocellular layers, so the term M cell probably includes diverse types
(e.g., Kaplan and Shapley, 1982; Shapley and Perry, 1986).

off/beta on/beta off/alpha on/alpha
morphology I ‘% i i ?
receptive - ' "
fields

. q !
intracellular | 1 m"
responses

Fig. 6.7. Form and function of cat ganglion cells. Beta cells have a narrow dendritic field, and
alpha cells, a broad one (top row, vertical views). Cells are maximally excited by stimuli cov-
ering the whole dendritic field, corresponding to the receptive field “center” and maximally su-
pressed by stimuli filling the outer annulus, termed the receptive field “surround” (middle row,
tangential views). ON cells, excited by increased intensity on the center, arborize deep in the in-
ner plexiform layer; OFF cells, excited by decreased intensity on the center, arborize superfi-
cially. Beta cells give a transient plus sustained response; alpha cells give mainly a transient
response. [Intracellular recordings from Saito, 1983.]
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Over a decade of intense description, physiologists divided ganglion cells into dif-
ferent functional categories: Y (brisk-transient), X (brisk-sustained), and W (other,
including edge-detector, directionally sensitive, etc.). Simultaneously, morphologists
categorized ganglion cells by dendritic branching patterns: alpha (planar-radiate), beta
(3-D-bushy), and gamma (other, including planar-sparse, planar-loopy, etc.). It was
quickly appreciated that functional categories might map onto the morphological ones,
but to prove this directly by recording followed by tracer injection required almost
another decade (e.g., Saito, 1983). This correspondence of structure to function in
ganglion cells is now firmly established as a principle of retinal organization, and
consequently a type can be named for its function (e.g., directionally sensitive; see
Fig. 6.11C) or its morphology without any confusion (see Fig. 6.7). However, when a
category is named for its central projection, such as M or P, one must remember that
several types can project to the same locus. Thus, one expects multiple types of M and
P cell (Amthor et al., 1989a,b; Dacey and Lee, 1994).

INTRINSIC ELEMENTS FOR LATERAL TRANSMISSION:
HORIZONTAL AND AMACRINE CELLS

Horizontal Cells. Horizontal cell somas form the upper tier of the inner nuclear layer
(see Fig. 6.3), and the processes connect exclusively within the outer plexiform layer.
Collecting widely from receptors, their main task is to average the signals and feed
negatively back onto receptor terminals and forward onto bipolar dendrites. Horizon-
tal cells couple to each other electrically. The strength of this coupling changes with
adaptive state and is modulated by dopamine secreted by certain cells in the amacrine
layer (reviewed in Weiler et al., 2000).

Two types of horizontal cell in diurnal mammals connect with cones (Fig. 6.8). One
has thick dendrites, a wide field and couples strongly to its neighbors; the other has
thin dendrites, a narrow field and couples weakly (Mills and Massey, 1994; Peichl and
Gonzalez-Soriano, 1994; Vaney, 1994a; Sandmann et al., 1996). Generally, each type
connects to all the cone terminals in its dendritic field. However, in primate the large-
field cell avoids S cones, and the narrow-field cell connects especially strongly to them
(Dacey, et al., 1996; Goodchild et al., 1996a; see also Sandmann et al., 1996). Within
this general framework are some quite spectacular morphological variations whose
functions remain mysterious (see, e.g., Miiller and Peichl, 1993).

One of the two types of horizontal cell connects with rods. It does so by emitting a
fine axon that in cat meanders for several millimeters and then breaks into an elabo-
rate arbor that contacts several thousand rods (see Fig. 6.8). This axon also couples to
its neighbors and thus pools signals from tens of thousands of rods (Vaney, 1993). This
is not the usual sort of axon because it lacks action potentials; further, cone input to
the dendrites does not reach the rod axon arbor, so it must be electrically isolated from
the soma (Nelson, 1977). On the other hand, the horizontal cell soma does receive
strong rod signals (e.g., Steinberg, 1969; Nelson, 1977; Lankeet et al., 1996), which
must therefore come via rod-to-cone gap junctions (Raviola and Gilula, 1973; Kolb,
1977; Smith et al., 1986). Thus, the soma serves metabolically two processes with ut-
terly different connections. It does not seem to matter which type of horizontal cell
produces the axon, because in cat and rabbit it is the wide-field cell and in primate it
is the narrow-field cell (reviewed in Sandmann et al., 1996).
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Fig. 6.8. Two types of horizontal cell from cat retina as seen in tangential view following Golgi
impregnation. Dendrites of types A and B both connect with cones; axon arbor of type B con-
nects with about 3000 rods. [From Kolb, 1974, with permission.]

Amacrine Cells. Amacrine somas form the lower tier of the inner nuclear layer and
are also numerous in the ganglion cell layer, where they are called displaced. Amacrine
cells connect exclusively within the inner plexiform layer (plus some synapses in the
ganglion cell fiber layer) and are diverse in the extreme; there are about 40 types (Kolb
et al., 1981; MacNeil and Masland, 1998; Vaney, 1990). Given such diversity, attempts
to generalize are likely to be inadequate, but consider the following:

1.

The All amacrine, being narrow-field, distributes densely and thus constitutes

-about 20% of the amacrine layer cells (see Fig. 6.2). As noted, the AII collects

purely from rod bipolars and serves a feedforward link in the rod’s starlight
pathway.

. Certain narrow-field amacrines collect purely from cone bipolar terminals. These

amacrines feed back reciprocally onto the bipolar terminal and forward onto the
ganglion cell (see Fig. 6.14). These types, which exist as both ON and OFF forms,
must distribute densely to tile the plane (Polyak, 1941; Kolb et al., 1981). This
pattern of connection may reflect lateral inhibition across a small spatial scale
covering tens of microns rather than hundreds as for the horizontal cells.

Certain medium-field amacrines collect from cone bipolars and arborize inti-
mately with dendrites of certain ganglion cell types. For example, the starburst
amacrine cell associates with other members of its own type to form a loopy pat-
tern that in rabbit associates with dendrites of the direction-selective ganglion cell
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(Fig. 6.9A; Tauchi and Masland, 1984; Vaney et al., 1989a; Famiglietti, 1992a),
and 1n cat, the alpha ganglion cell (Vardi et al., 1989). The starburst cell is also
present in primate, where it probably associates with the co-planar arbors of para-
sol ganglion cells (Rodieck, 1989; Jacoby et al., 1996). There are separate star-
burst populations for the ON and OFF levels of the inner plexiform layer. The
starburst cell responds phasically to glutamatergic bipolar input (kainate recep-
tors; Linn et al., 1991) and releases a pulse of acetylcholine onto the ganglion
cells (Masland et al., 1984; Massey and Redburn, 1985). The acetylcholine, bind-
ing to nicotinic receptors, excites ganglion cells (e.g., Schmidt et al., 1987; Kaneda
et al., 1995). Thus, the starburst circuit probably boosts ganglion cell transient
responses, enhancing sensitivity to motion. Several studies suggest that the star-
burst cell fires action potentials (Bloomfield, 1992; Jensen, 1995; Cohen, 2001),
but other studies report purely passive responses (Taylor and Wissle, 1995; Zhou
and Fain, 1995; Peters and Masland, 1996).

4. Certain types of wide-field amacrine connect exclusively to rod bipolar cells (cat
A17; Nelson and Kolb, 1985; rabbit S1, S2, Vaney, 1986; Sandell and Masland,
1986; Li et al., 2002), but other wide-field types arborize in strata supplied only
by cone bipolar terminals. The “dendritic” fields reach about 500 to 1000 ym—
probably near the electrotonic limit for fine, passive cables (see Fig. 6.9C; Dacey,
1989a, 1990; Famiglietti, 1992b). However, the proximal region of each dendrite
sprouts a fine axon that travels centrifugally for at least 3 mm (Fig. 6.9B). Such
a cell resembles a wagon wheel, with the dendritic field for a hub and the axons
as radiating spokes (Fig. 6.9C). These axons conduct full action potentials
(Dacheux and Raviola, 1995; Freed et al., 1996; Stafford and Dacey, 1997), which
appear to travel centrifugally (Cook and Werblin, 1994). Long-range amacrine
cells mediate the inhibition and excitation of certain ganglion cells evoked by
stimuli millimeters beyond the conventional receptive field (e.g., Mcllwain, 1966;
Derrington et al., 1979; Cook et al., 1998; Demb et al., 1999; Taylor, 1999).

Interplexiform Cells. These cells have somas in the amacrine layer but send processes
to both outer and inner plexiform layers (Cajal, 1972). The interplexiform cell receives
synapses only on its inner processes but provides synaptic outputs in both the inner
and outer plexiform layers. In cat, it forms chemical synapses upon both rod bipolar
and cone bipolar dendrites (Kolb and West, 1977; Nakamura et al., 1980; McGuire et
al., 1984; Cohen and Sterling, 1990b), and in fish it contacts horizontal cells (Dowl-
ing, 1986). Some authors refer to the interplexiform as a “sixth cell class,” but it seems
equally reasonable to consider it as one more extraordinary type of amacrine cell.
The interplexiform cell in New World monkey and fish contains dopamine (Dowl-
ing, 1986). In cat, the dopaminergic amacrine cell also sends sporadic processes to the
outer plexiform layer (Oyster et al., 1985). Because dopamine regulates horizontal cell
coupling (Piccolino et al., 1984; Teranishi et al., 1984; Hampson et al., 1992; reviewed
in Weiler et al., 2000), which shapes the inhibitory surround of cones and bipolar cells
(see Fig. 6.17), the dopamine cell may adjust the surround’s depth and extent to am-
bient image statistics. Cat and rabbit interplexiform cells use y-aminobutyric acid
(GABA) and contact bipolar dendrites, so they probably have a different function.
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Centrifugal Fibers. Specific brain regions in certain vertebrates, including fish, am-
phibia, reptiles, and birds, produce efferent axons that travel in the optic nerve to ter-
minate in the inner retina. In birds, the isthmo-optic nucleus, a substantial structure
with a definite retinotopic organization, projects about 10,000 fibers centrifugally to
the inner retina to terminate on a special type of amacrine cell (Dowling and Cowan,
1966; Uchiyama and Ito, 1993). In fish, the olfactory bulb sends fibers containing a
peptide luteinizing hormone-releasing hormone (LHRH) to contact interplexiform cells
(Zucker and Dowling, 1987). Thus, the idea is not entirely far fetched that an odor, a
memory, or a feeling could modify the construction of a visual image in the retina—
that beauty could be literally in the eye of the beholder. However, little is known re-
garding the function of these centrifugal pathways (Uchiyama and Barlow, 1994).

Glial Cells. The retina contains a single, highly stereotyped glial cell, termed the Miiller
cell. Tts cell body, recognized by its dark cytoplasm and polygonal shape, lies in the
deeper tiers of the inner nuclear layer (INL) (see Fig. 6.3). Processes extend from this
cell outward to reach the choroid layer and inward to ensheath the ganglion cells and
terminate as “endfeet” at the vitreal surface (Fig. 6.3). Thus, each Miiller cell spans
the full thickness of the neural retina. One important consequence is that the cell ac-
cumulates potassium from the extracellular space (where it is released through neu-
ronal activity) and then, by concentrating most of its potassium channels in its endfeet
that abut the vitreous, the cell can siphon off excess potassium into the vitreous (New-
man, 1986, 1987).

Another critical function of the Miiller cell is to regenerate a cis-form of the visual
pigment 11-cis-retinal, which the cone can convert to 11-cis-retinol for use in trans-
duction (Mata et al., 2002). This reaction within the Miiller cell, relative to the alter-
nate pathway for regenerating retinol within the pigment epithelial cells, is 20-fold
faster (to match the cone’s high rate of bleaching). Rods cannot convert retinal to retinol,
so they rely exclusively on the slower regenerating pathway within the pigment epi-
thelial cells. Because rods are 20-fold more numerous than cones, this critically con-
serves the active form for use by cones.

CELL POPULATIONS

Spatial Density of Receptors. Cones and rods pack densely, occupying 90% of the two-
dimensional receptor sheet with a residual extracellular space of about 10% (Fig. 6.10)
(Packer et al., 1989). Animals active in both day and night, such as human, macaque,
cat, and rabbit, assign about 5% of their receptors to cones and the rest to rods. If this
seems counterintuitive, simply recall that the photon flux in daytime is many orders of

-
-~

Fig. 6.9. Two types of amacrine cell in tangential view. A: Medium-field, “starburst” amacrine
cells. Processes from adjacent cells associate to form a planar network with input from cone
bipolar ribbon synapses and output to motion-sensitive ganglion cells, including the alpha and
directionally selective ganglion cells. B: Wide-field amacrine cell whose proximal dendrites
(spiny) emit multiple axons (arrowheads). C: Same cell at lower magnification. Cell fires tran-
sient burst of action potentials (inset) to ON and OFF of a stimulus to receptive field center
(black disc) which corresponds to the dendritic field; action potentials travel centrifugally from
the cell in all directions. [A from Tauchi and Masland, 1984; B and C from Stafford and Dacey,
1997.]
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magnitude greater than that at night. Therefore, in daytime, the retina can operate ef-
fectively on a fraction of the photons striking the receptor sheet, whereas from dusk to
dawn, every photon counts.

Cone density always peaks in central retina. Species whose lifestyle requires high
spatial acuity, such as raptors scanning for prey from great heights or primates forag-
ing for fine morsels at close range, pack cones so densely at the center (fovea)
that rods are completely excluded (see Fig. 6.10). Each cone connects to a pri-
vate (midget) bipolar cell followed by a midget ganglion cell, and this provides a neu-
ral image at the output as fine as the grain of the cone array. In human fovea, cone
density reaches nearly 200,000/mm?, providing 120 cones/degree, which is adequate
to create a neural image of a grating as fine as 60 cycles/degree (Fig. 6.10; Curcio et

Fig. 6.10. Mosaic of photoreceptors (human). A: Fovea: radial section shows cone inner seg-
ments to be narrow and gently tapered, and the outer segments to be long and fine. B: Fovea:
tangential section through base of inner segments shows hexagonal packing. Thus, fovea pro-
vides fine spatial sampling in daylight, but absence of rods renders it useless in twilight and
starlight. C: Periphery: vertical section shows cone inner segments to be squatter but still ta-
pered and surrounded by rod inner segments that are much finer and untapered. D: Periphery:
tangential view shows about 10 rods per cone, which can boost the cone signal in twilight (see
text). Although cones comprise only 10% of the mosaic, their apertures occupy 40% of avail-
able collecting area. This is advantageous in daylight when the cones need photons. Then the
pupil narrows to accept only photons arriving parallel to the optical axis. These are efficiently
captured by the cone’s wave-guide mechanism. But the system also works at night, when the
rods need photons. Now the pupil dilates to admit photons over a wide range of angles. These
are poorly captured by the cone’s wave-guide and thus escape to neighboring rods. [Light micro-
graphs from Curcio et al., 1990.]
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al., 1990; Williams, 1992; Smallman et al., 1996). In the eagle’s fovea, cone density
and spatial acuity are about double this, apparently reaching a biophysical limit. A
higher cone density would require a still finer inner segment, with a wave-guide mech-
anism that could no longer prevent photons from escaping to a neighboring cone (Rey-
mond, 1985).

Naturally once light intensity falls below cone threshold, the fovea, lacking rods, be-
comes a blind spot. It is easy to convince yourself of this. At dusk, just as your per-
ception of color fades completely, note that you have also lost the ability to read fine
print (as in The New York Times). Now hold your thumb at arm’s length and, as your
gaze steadies upon it, watch it disappear. At this distance, the thumb subtends about
1 degree on the retina, corresponding to the fovea’s rod-free region. Thus, while your
eyes are free to move, vision seems entirely normal and you do not suspect that 10°
cones (and consequently about one quarter of your striate cortex) have been silenced
(Baseler et al., 2002). Species that can accept somewhat coarser vision in daylight
but need central acuity at night reduce cone density at the center to accommodate
rods. Thus, cat cone density is almost 10-fold lower than human’s in the central area
(30,000/mm?), and this allows for rods at 200,000/mm? (Williams et al., 1993b). Rod
density commonly peaks at about 15-25 degrees from the center (Packer et al., 1989;
Curcio et al., 1990; Young and Vaney, 1991; Williams et al., 1993b).

Toward the periphery receptor density declines, but receptor diameter generally in-
creases. For example, in macaque retina (20—80 degrees) rod collecting increases about
2-fold, so that the total photon collecting area remains about constant; the same is true
for cones (see Fig. 6.10D; Packer et al., 1989). This would make sense if the optical
light gathering efficiency declines toward the periphery, because then a larger receptor
could still collect enough light to fill its dynamic range. Such factors must be consid-
ered in comparing densities. For example, peak rod density is about 2-fold greater in
cat than in human (400,000/mm? vs. 175,000/mm?; e.g., Curcio et al., 1990; Williams,
et al., 1993b), but the cat rod’s collecting area is smaller by about the same factor.
Thus, in terms of photon collecting area, these densities may be equivalent. One rea-
son to make the cat rod finer is that the cat’s eye collects more light (larger pupil, re-
flecting tapetum, etc.); therefore, a finer cross section allows the rod to serve as a single
photon detector over a wider intensity range.

Spatial density of different cone types also varies with retinal location. For exam-
ple, the very center of human retina, termed foveola, includes M and L, but not S, cones
(Williams et al., 1981; Curcio et al., 1990). This makes functional sense because, when
middle and long wavelengths are in sharp focus, short wavelengths are strongly blurred
(Williams et al., 1993a). Therefore, to provide maximum spatial acuity, the foveola sac-
rifices trichromacy. In guinea pig and rabbit, S cones distribute sparsely in superior
retina but densely in inferior retina, presumably because inferior retina views the sky
(Rahlich et al., 1994). In mouse, there may be only a single cone type that co-expresses
both a UV pigment and a middle wavelength (M) pigment (Lyubarsky et al., 1999; Ap-
plebury et al., 2000). Cones in inferior retina express mostly UV pigment, whereas
those in superior retina express mostly M pigment (Sz¢él et al., 1992; Applebury et al.,
2000).

That photoreceptor density is so finely sculpted across the retina implies an efficient
postreceptoral circuitry. Such local sculpting could evolve only if the small trades of



Fig. 6.11. A: Array of OFF midget bipolar terminals (macaque) in tangential view. Drawn from
tissue immunostained for recoverin, about 10 mm beyond the fovea. The terminals “tile” the
plane without overlap. B: Array of ON midget ganglion cells (human) in tangential view. Cells
injected individually with neurobiotin, about 12 mm beyond fovea. The dendrites tile the plane
without overlap and would collect input from many axons in the midget bipolar array shown in
A. C: Array of directionally selective ganglion cells (only the OFF dendrites of the ON/OFF
type are shown). One cell was injected with neurobiotin which then spread to adjacent cells.
Note the characteristic “loopy” dendrites that tile the plane without overlap. Such tiling behav-
ior holds for,all ganglion cells studied so far, with one exception discussed in the text. [A from
Wissle et al., 1991; B from Dacey, 1993; C from D. Vaney after Vaney, 1994.]
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collecting area between rods and cones at each locus offered a selective advantage. For
any such trade, the effect on signal-to-noise (S/N) ratio for photon capture would be
proportional to the square root of the fractional change in area (Rose, 1973). For ex-
ample, a 2-fold increase in cone collecting area would improve S/N for the cone sys-
tem by at most 1.4-fold. But if subsequent neural stages that process these signals added
noise by this factor or more, then any potential advantage of such a difference would
be swamped. This alerts one to identify in the postreceptoral circuitry the key contri-
bution to efficient (non-noisy) processing (see Functional Circuits, later).

Spatial Density of Postreceptoral Neurons. Postreceptoral cell types also distribute with
characteristic spatial density (Wissle and Riemann, 1978). This has been determined
by standard histological methods, by reconstruction from electron micrographs (e.g.,
Sterling et al., 1988; Cohen and Sterling, 1990b), and by immunostaining for a par-
ticular protein or epitope that fortuitously selects a particular type and stains the whole
array. Thus, antibody to protein kinase C reveals the complete rod bipolar cell array
(see Fig. 6.5; Young and Vaney, 1991); anti-Go, shows the ON cone bipolar cells (Vardi,
1998), anti-recoverin shows OFF midget bipolar cells (Fig. 6.11A) (Milam et al., 1993;
Wiissle et al., 1994); anti-CCK shows S cone bipolars (Kouyama and Marshak, 1992);
anti-calbindin shows the wide-field horizontal cells in cat and rabbit (Réhrenbeck et
al., 1989); and anti-calretinin shows the AIl amacrine cells (Wissle et al., 1995; for a
review, see Hendry and Calkins, 1998). Also, because many cell types couple to their
neighbors in the array, intracellular injection of a small tracer molecule, such as neu-
robiotin, has been used to establish the spatial densities (Figs. 6.11C and 6.12).

The spatial density of postreceptoral neurons follows the photoreceptors 1n peaking
centrally and declining toward the periphery. As spatial density falls, a cell’s dendritic
tree expands to compensate, so “tiling,” or a specific degree of overlap (see later), is
maintained (see, e.g., Wiissle et al., 1978b, 1981a,c). However, the number of neurons

Fig. 6.12. Array of type A horizontal cells (rabbit) in tangential view. One cell was injected with
neurobiotin, which then spread through gap junctions to reveal the whole array. Not the charac-
teristic of this array: stout cables, strong coupling, and extensive overlap (cf. Fig. 6.12). [From

S. Mills, after Mills and Massey, 1994.]
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converging upon a particular cell type may increase or remain constant. For example,
rods converging onto the rod bipolar cell increase from about 15 in macaque central
retina to about 60 in the periphery, whereas the number of cones converging upon a
given type of cone bipolar cell remains constant at 5—~10 (Griinert et al., 1994). Photo-
receptors converging upon a ganglion cell increase linearly. For example, about 35
cones converge upon a central beta cell, but 180 cones converge on a peripheral beta
cell (Tsukamoto et al., 1990).

The Finest Ganglion Cell Array Sets Visual Acuity. Spatial resolution is set by the finest
sampling array at the retinal output. To discriminate the fine lines of a grating from a
homogeneous field requires one ganglion cell for each dark or bright line (Tsukamoto
and Sterling, 1991; reviewed in Wiissle and Boycott, 1991; Smallman et al., 1996). In
the fovea, because a midget ganglion cell connects to only one cone, resolution corre-
sponds to the cone sampling frequency. But outside the fovea, many cones converge
on a midget ganglion cell (see Fig. 6.11B; Dacey, 1993), so resolution is set by the
midget cell array. Similarly in cat, resolution is set by the beta cell array. Because pairs
of ON and OFF of the same cell class (e.g., midget, beta) sample the same territory
(see Fig. 6.15), resolution is set by the density of one of these arrays but not by their
combined density (reviewed in Wissle and Boycott, 1991).

Tiling vs. Overlap of Neuronal Arbors. Along the forward pathways from cones, the
neuronal arbors of a given type do not overlap. Instead they show mutual avoidance,
also termed “territoriality” (Wissle et al., 1981a,b,c). Consequently, their fields tend
to tile the plane of the retina, forming a quasi-regular meshwork (Panico and Sterling,
1995). This rule holds for dendrites of each cone bipolar type and for their axon ter-
minals (see Fig. 6.11A; Cohen and Sterling, 1990a,b; Boycott and Wissle, 1991.

Ganglion cell dendritic fields also tile. This has been shown for the alpha cell and
delta cell in cat (Dann et al., 1988; Dacey, 1989b), for the ON-OFF directionally se-
lective ganglion cell in rabbit (see Fig. 6.11C; Vaney, 1994b), and for parasol and midget
ganglion cells in primate (see Fig. 6.11B; Dacey and Brace, 1992; Dacey, 1993). The
lattice structures formed by presynaptic cone bipolar axon arbors complement the post-
synaptic ganglion cell dendritic arbors (cf. Fig. 6.11A vs. Fig. 6.11B). This connects
the two arrays reliably while minimizing cost in materials and the volume occupied by
the lattices (Panico and Sterling, 1995).

Overall, a cone terminal, being narrower than the bipolar dendritic field, contributes
most of its synapses to one member of each bipolar array and a few synapses to some
neighbors (Sterling, et al., 1988; Cohen and Sterling, 1990a). Similarly the cone bi-
polar axon arbor is narrower than the ganglion cell dendritic field so each bipolar con-
tributes most of its synapses to one ganglion cell (cf. Fig. 6.6A vs. Fig. 6.6B; Fig.
6.11A vs. Fig. 6.11B). Consequently, a cone signal diverges very little on its course
toward the retinal output, so each cone contributes most of its synaptic output to one
member of a ganglion cell array (Sterling et al., 1988).

Along the forward pathways from rods, certain neural arbors do overlap. Thus, den-
drites of netghboring rod bipolars overlap enough that every rod synapse, although ap-
proximating a point in the plane of the retina, contacts at least two bipolar cells (see
Fig. 6.5; Sterling et al., 1988; Young and Vaney, 1991). Similarly, the AIl cell’s col-
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lecting arbor in the inner plexiform layer overlaps more extensively, by 2- to 3-fold in
central retina of cat, rabbit, and monkey and up to 10-fold in peripheral retina of rab-
bit (Vaney, 1985; Sterling et al., 1988; Vaney et al., 1991; Wissle et al., 1995). Thus,
although the rod bipolar axon arbors tile without overlap (see Fig. 6.5; Sterling et al.,
1988; Young and Vaney, 1991), the circuit leading from one rod diverges markedly
(Sterling et al., 1988; Vardi and Smith, 1996).

Along lateral pathways, a given cell type does not show simple territorial behavior;
instead, it overlaps with its neighbors, and sometimes they actually associate. Hori-
zontal cell processes overlap enough that each retinal locus is “covered” by the arbors
of 3-8 cells (Wissle et al., 1978a; Rohrenbeck et al., 1989). Furthermore, where hor-
izontal cell processes of a given type cross each other, they form gap junctions and
thus couple electrically. This holds for both the wide-field and narrow-field horizontal
cells that connect with cones and for the axon arbors that connect to rods; thus, using
both chemical and electrical synapses, these systems diverge extensively. Experimen-
tally, this is convenient because a small tracer molecule injected into one neuron can
reveal much of the network (see Fig. 6.12; Mills and Massey, 1994; Vaney, 1994a).

Wide-field amacrine cells behave similarly: their processes cross each other exten-
sively and couple. Thus, although their somas distribute sparsely, their processes and
synapses distribute densely, forming a rather fine meshwork (Masland, 1986; Dacey,
1989a; Vaney, 1990). Certain narrow-field amacrine cells are labeled by neurobiotin
injected into an alpha or a parasol ganglion cell (Dacey and Brace, 1992; Vaney, 1994a;
Xin and Bloomfield, 1997). Thus, coupling in lateral pathways is not limited to wide-
field types, nor invariably to members of the same type.

The massive evidence of extensive cytoplasmic coupling between neurons is sober-
ing in historical perspective. One hundred years ago, debate was fierce as to whether
neurons were coupled (“reticularism”) or entirely separate (“‘neuronism”). The two
schools, led respectively by Camillo Golgi and Santiago Ramon y Cajal, heaped scorn
upon each other and refused to consider seriously each other’s observations. For about
50 years, it seemed that Cajal and the “neurone doctrine” had triumphed. But now it
is clear that Cajal jumped to conclusions well beyond the resolution of the light mi-
croscope. Further, the drawings by reticularists, such as Dogiel (see Vaney, 2002), of
apparently coupled ganglion cells may well have reflected spread of tracer (methylene
blue) between coupled cells.

The starburst amacrine cell (both ON and OFF types) forms a different and distinc-
tive pattern. The spatial densities are intermediate and their arbors are medium-field,
so each retinal locus is covered by about 80 arbors. Yet, the individual processes do
not cross each other but instead associate in bundles, thus forming a coarse, quasi-
regular meshwork (see Fig. 6.9A).

Foveal Architecture Implies “Pursuit” Eye Movements. The foregoing aspects of reti-
nal architecture reflect the broad central nervous system strategy for sensory surfaces:
specialize one region to “sample” finely and assign a relatively large volume of brain
to analyze the data. Concurrently, render the specialized surface mobile and evolve “at-
tentional” mechanisms to allow the organism to select which region of the environ-
ment to analyze. In the primate retina, about half of the cones and ganglion cells are
concentrated in the fovea, and a quarter of striate cortex is devoted to the fovea (re-
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viewed in van Essen et al., 1992; Baseler et al., 2002). Apparently the fovea occupies
only its fair share of cortex, i.e., in proportion to the ganglion cells that it contributes
(Schein, 1988; Wissle et al., 1989). Although this has been disputed (Azzopardi and
Cowey, 1993), it seems parsimonious to think that the brain allots computational space
proportional to the information content of the input. Therefore, to devote more space
than warranted purely by ganglion cell density would seem, prima facie, a poor
investment.

- The strategy of using the central retina for fine spatial sampling requires “smooth
pursuit” eye movements to stabilize an object of interest upon the center. This mini-
mizes motion in the image, reducing the need for central ganglion cells to code tem-
poral information. But however, conversely, this strategy maximizes image motion
seen by peripheral ganglion cells (Eckert and Buchsbaum, 1993a,b). Thus, within a
given cell type response properties should vary with retinal location. A cat beta cell or
primate midget cell that fires tonically to stabilized stimuli in central retina should fire
more transiently to moving stimuli in peripheral retina. This has been found experi-
mentally (Cleland et al., 1971; de Monasterio, 1978) and may in part explain why pe-
ripheral ganglion cells collect from more cones (Tsukamoto et al., 1990)—the better
to measure transient signals.

Spatial Density of Miiller Cells (Glia). The peripheral primate retina contains two
Miiller cells for each cone; however, the fovea contains one Miiller cell for each cone
(Burris et al., 2002). Processes of several Miiller cells coat the lateral surfaces of each
foveal cone synaptic terminal, but these sheets form small windows to permit gap junc-
tions between the pedicles and avoid the basal surface of the pedicle (Fig. 6.13)
(Tsukamoto et al., 1992; Biirris et al., 2002). Miiller cell processes express at high den-
sity transporters for glutamate, GABA, etc. Consequently, their three-dimensional re-
lationship to the synapse is important—either for facilitating “spillover” at the base of
the cone terminal (Haverkamp and Wiissle, 2000) or for preventing spillover between
adjacent terminals (Burris et al., 2002).

SYNAPTIC CONNECTIONS

OUTER PLEXIFORM LAYER

Ribbon Synapse. The photoreceptor’s chemical synapse employs a synaptic ribbon.
This is a flat organelle whose long axis anchors near the presynaptic membrane (see
Fig. 6.13). Synaptic vesicles tether to both faces of the ribbon via short filaments, so
vesicles along the ribbon’s basal edge touch the presynaptic membrane. Here they ap-
pear to “dock” ready for release. This occurs when the photoreceptor depolarizes, ad-
mitting calcium through channels in the presynaptic membrane all along the region
where the ribbon anchors (reviewed in Matthews, 1996; Morgans, 2001; Wissle, 2003).
The elongated active zone docks about 5- to 10-fold more vesicles than at a conven-
tional synapse, and, because a vesicle need move only 30 nm on the ribbon to reach
an emptied docking site, the ribbon has long suggested a mechanism for rapid ‘“re-
loading” (Rao-Mirotznik et al., 1995).

This idea is now supported by capacitance measurements on isolated cells and ter-
minals. A vesicle fusing to the presynaptic membrane increases the capacitance by
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Fig. 6.13. A: Cone terminal in radial section (electron micrograph, macaque fovea). Two “tri-
ads” are present, each with a synaptic ribbon (r) pointing between two horizontal cell processes
(H) toward an invaginating bipolar dendrite (IB). There are also “basal contacts” onto bipolar
dendrites distant from the ribbon (B), and a gap junction (G) with the adjacent cone axon (CA).
The complete terminal contains about 20 ribbon synapses. B: Rod terminal in orthogonal views
(from three-dimensional reconstruction, cat central area). One ribbon points between two hori-
zontal cell processes (hz) toward two rod bipolar dendrites (b). Note that bipolar dendrites are
hundreds of nanometers distant from docked vesicles at base of ribbon. [A from Tsukamoto et
al.,, 1992; B from Rao-Mirotznik et al., 1995.]

about 26 attoFarads (von Gersdorff and Matthews, 1994; von Gersdorff et al., 1996).
When synchronous fusion of many vesicles is induced by a step depolarization, the in-
crease in capacitance becomes measurable. Where the number of ribbon synapses is
known, the peak fusion rate has been calculated at about 500 vesicles/ribbon/s (Par-
sons et al., 1994; von Gersdorff et al., 1996). Furthermore, the capacitance jump cor-
responds to the total number of vesicles tethered on all the ribbons in a terminal (von
Gersdorff et al., 1996). These maximum evoked rates appear to represent the peak of
the operating range, so normal rates may be more like 20-100 vesicles/ribbon/s (Rao
et al., 1994b; Freed, 2000a,b). Indeed, a milder stimulus, raising intracellular calcium
by 2 uM, fuses 400 vesicles/s in salamander rod, or about 50/s/ribbon (Townes-
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Anderson et al., 1985; Rieke and Schwartz, 1996). A ribbon synapse outperforms a
conventional synapse in both peak and sustained rates. A conventional synapse attains
a peak rate of 150 vesicles/s (Borges et al., 1995) and a sustained rate of 20 vesicles/s
(Borges et al., 1995; Stevens and Tsujimoto, 1995). The ribbon synapse appears to be
present in all cases where transmitter release is modulated by graded potentials rather
than spikes, probably because graded potentials permit much higher rates of informa-
tion transfer (de Ruyter and Laughlin, 1996).

How the ribbon fascilitates rapid exocytosis is uncertain. The ribbon might serve as
a “conveyor belt” along which vesicles move by a cytoplasmic motor. Indeed, such a
motor, kinesin, is present on the ribbon (Muresan et al., 1999). But microtubules, the
“tracks” for the kinesin motor, do not associate with the ribbon. Furthermore, the pool
of vesicles equivalent to the number tethered to all the ribbons can be completely re-
leased when the patch electrode contains an ATP analog that is not hydrolyzed by ki-
nesin (Heidelberger et al., 2002). Conceiveably, vesicles might move rapidly on the
ribbon by passive diffusion—or simply be held in place and release their contents rap-
idly via “compound fusion,” a mechanism used by certain neuroendocrine cells (Par-
sons and Sterling, 2003). .

The rod terminal employs a single active zone with one ribbon and one invagination
(see Fig. 6.13B). The invagination houses two types of postsynaptic process: horizon-
tal cell spines and bipolar dendritic tips. The paired spines from overlapping horizon-
tal cell axons penetrate deeply to place their glutamate receptors near the vesicle release
site, within about 16 nm. The dendritic tips from two or more cells also penetrate but
end quite far from the release sites, about 100—600 nm. In cross section, the invagi-
nation often seems to contain only three processes, so it was termed a “triad,” but now
we know that the invagination contains at least four processes (see Fig. 6.13B; Rao-
Mirotznik et al., 1995). The crescent shape of the rod ribbon, its size (600 tethered
vesicles), and the length of the active zone (130 docked vesicles) are all conserved
across mammalian species.

The cone terminal employs multiple active zones, each with a ribbon and an invagina-
tion (see Fig. 6.13A). There are about 20 active zones per terminal in the fovea and 40 or
more per terminal in the periphery (Ahnelt et al., 1990; Calkins and Sterling, 1996; Chun
et al., 1996). Each invagination houses paired horizontal cell processes, one from a wide-
field, the other from a narrow-field cell, and these penetrate deeply to end near the cone
terminal’s release sites (Fig. 6.13A; Kolb, 1970, 1974). One or two bipolar dendrites also
invaginate at each active zone but less deeply, terminating 100-200 nm from the release
sites (Fig. 6.13A; Kolb, 1970; Calkins and Sterling, 1996; Chun et al., 1996). The exter-
nal, basal surface of the cone terminal forms symmetrical junctions termed flat or basal
contacts with the tips of bipolar dendrites (Kolb, 1970; Calkins and Sterling, 1996;
Haverkamp et al., 2000). All of the invaginating positions are occupied by ON bipolar
dendrites, and many of the basal positions are occupied by OFF bipolar dendrites. The
cone terminal membrane at the basal contacts bears neither a ribbon nor a conventional
cluster of docked vesicles. Therefore, it was widely thought that ribbon synapses serve the
ON dendrites by exocytosis and that basal synapses serve the OFF dendrites by some
transmitter release mechanism yet to be identified (e.g., Kolb, 1994).

However, this simple rule does not hold. Many ON bipolar dendrites also receive
basal contacts (Calkins and Sterling, 1996; Chun et al., 1996), and it becomes appar-
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ent that the key functional difference between OFF and ON dendrites depends not on
the junctional morphology but on which type of glutamate receptor they express. OFF
bipolar cells express ionotropic glutamate receptors (iGluR), AMPA for one cell type
and kainate for two other types (DeVries and Schwartz, 1999; Haverkamp et al., 2001a;
Gruenert et al., 2002). ON bipolar cells express the metabotropic glutamate receptor,
mGluR6 (Masu et al., 1995; Vardi et al., 2000a). Because iGluRs open a cation chan-
nel, whereas mGluR6 closes a cation channel, glutamate drives the membrane poten-
tials of these cell classes in opposite directions. Despite the relatively huge distance
from the vesicle release site to invaginating and flat bipolar dendrites (hundreds of
nanometers), a single vesicle can still deliver pulses of transmitter in the 10 uM range
by simple diffusion (Rao-Mirotznik et al., 1998). This concentration, which would be
sustained for several milliseconds, corresponds to the effective concentrations for ON
and OFF bipolar dendritic tips (de la Villa et al., 1995; Sasaki and Kaneko, 1996).
Thus, a vesicle released at the ribbon synapse probably serves both invaginating and
basal dendrites.

Nonribbon Synapses. Horizontal cell processes contain some small vesicles and in one
case (human rod) clearly form conventional synapses onto the photoreceptor (Linberg and
Fisher, 1988). However, this is the only known case, so it is uncertain whether GABA is
released from horizontal cells via conventional vesicular mechanism or via a calcium-in-
dependent mechanism, such as a GABA transporter (Schwartz, 1987). The vesicular GABA
transporter (VGAT) has been localized near the plasma membrane, suggesting a role in re-
leasing GABA (Cueva et al., 2002; Jellali et al., 2002). In cold-blooded species the pho-
toreceptor terminal is sensitive to GABA (e.g., Tachibana and Kaneko, 1984; reviewed in
Piccolino, 1995), so one expects this as well in mammals. This has yet to be confirmed
by physiology or immunocytochemistry, because antibodies to various subunits of GABA
and GABAC( receptors do not stain the terminals. Cone bipolar dendrites do stain strongly
for GABA4 receptor just outside the invagination (Vardi and Sterling, 1994), and rod bipo-
lar dendrites stain for GABA( receptor (Vardi and Sterling, 1994; Enz et al., 1996;
Haverkamp et al., 2000). Physiologically, cone and rod bipolar dendrites express both a
GABA, and a GABAC( current, with a GABAA-to-GABA( ratio of ==4:1 (Shields et al.,
2000). Therefore, horizontal cells may release transmitter diffusely along the interface be-
tween bipolar dendrites and photoreceptor terminals.

A few conventional synapses are present in the OPL. Mostly these are from
GABAergic interplexiform processes onto bipolar dendrites (McGuire et al., 1984,
Cohen and Sterling, 1990b). However, other transmitters may affect the OPL without
benefit of conventional synapses. For example, the dopamine-containing processes
ascending from the amacrine cell layer meander through the OPL without making
conventional contacts. Dy receptors are present in OPL (Veruki and Wissle, 1996;
Nguyen et al., 1997; Koulen, 1999), and dopamine potently uncouples horizontal cell
gap junctions (DeVries and Schwartz, 1989; Hampson et al., 1994; Xin and Bloom-
field, 1999; He et al., 2000; reviewed in Weiler et al., 2000). In short, there is ample
evidence here for “paracrine” effects of a transmitter (Witkovsky et al., 1993).

Gap Junctions. Electrical synapses (gap junctions) are present at three critical sites in
the OPL. First, each cone terminal couples to its immediate neighbors via relatively
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small junctions (see Fig. 6.13A). For example, each terminal in primate fovea is esti-
mated to have 10—100 connexons (the multimeric channel that forms the junction) with
its neighbors (Raviola and Gilula, 1973; Tsukamoto et al., 1990; DeVries et al., 2002).
Second, each rod terminal forms a gap junction with each of two neighboring cone ter-
minals (Kolb, 1977; Smith et al., 1986). Because there are about 20 rods for every
cone, a cone must couple to about 40 rods (Sterling et al., 1988). These junctions feed
rod signals into the cone terminal (Nelson, 1977; Schneeweis and Schnapf, 1995, 1999).
Third, there are numerous, extensive gap junctions between horizontal cells. Wide-field
cells couple and narrow-field cells couple, but the two types do not cross-couple (Mills
and Massey, 1994; Vaney, 1994a).

INNER PLEXIFORM LAYER

The sole input to this layer derives from bipolar axon terminals. These form ribbon
synapses, but the ribbons are generally smaller and more numerous than in a photore-
ceptor terminal. For example, compared with a rod ribbon’s 600 vesicles with 130
docked, a rod bipolar terminal has relatively few vesicles—only 100 with 20 docked
(Rao and Sterling, 1991). The rod bipolar terminal (cat) contains about 30 ribbons,
whereas a cone bipolar terminal can contain more than 100 ribbons. The number of
ribbons is distinctive for a given cell type at a given eccentricity and is highly regular,
varying at most by 10% (McGuire et al., 1984; Cohen and Sterling, 1990b; Calkins et
al., 1994, Tsukamoto et al., 2001).

The bipolar terminal does not invaginate, so one ribbon synapse cannot accommo-
date many postsynaptic processes. Instead, two postsynaptic processes align on either
side of the linear active zone, forming a dyad (Fig. 6.14) (Dowling and Boycott, 1966).
The postsynaptic elements at a dyad can be two ganglion cell dendrites, two amacrine
processes, or one of each. Often, the amacrine process feeds back a conventional
synapse onto the bipolar axon, in which case it is called a reciprocal synapse (e.g.,
Calkins and Sterling, 1996; Freed et al., 2003). Each bipolar type expresses a specific
pattern. For example, the rod bipolar dyad always includes one process from an All
amacrine and another from a small subset of different amacrine types. The All never
gives a reciprocal synapse at the rod bipolar dyad, but the other amacrine types always
do. Beta ganglion cell dendrites are never found at the rod bipolar dyad, but alpha cell
dendrites are present at about 1 dyad of 30 (McGuire et al., 1984; Freed et al., 1987,
Freed and Sterling, 1988).

Lateral connections in the IPL use conventional chemical synapses and gap junctions.
Amacrine cells are the sole source of conventional synapses (Dowling and Boycott, 1966).
Synaptic vesicles are invariably round, and presynaptic and postsynaptic densities show
symmetrical thickening. Therefore, synapses cannot be classified as excitatory or in-
hibitory based on morphology. Commonly in cold-blooded (small-brained) animals, con-
ventional synapses are arranged such that adjacent processes contact each other serially
in long sequences (Dubin, 1976). These sequences might perform complex, local com-
putations. However, the underlying circuits have not yet been worked out, and their ac-
tual function is unknown.

An electrical synapse is present at five classes of connection in the IPL. First, it in-
terconnects certain types of cone bipolar cell, both homotypically (bsy—b,) and het-
erotypically (bs—by; Cohen and Sterling, 1990b). Second, it couples particular types of
amacrine cell homotypically, such as the All and wide-field types (Vaney, 1994b). Third,
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Fig. 6.14. Midget bipolar terminal (MB) in radial section (electron micrograph, macaque fovea).
Two “dyads” are present, each with a presynaptic ribbon. The ribbon points between two post-
synaptic processes, the dendrite of a midget ganglion cell (MG) and an amacrine process (A,
Ag) that feeds back onto the bipolar terminal and forward onto the ganglion cell (Ag). Many
other amacrine processes also contact the ganglion cell. [From Calkins and Sterling, 1996.]

it couples particular amacrine types to bipolar cells. For example, the largest electrical
synapse in IPL. couples an AIl amacrine dendrite to an ON cone bipolar axon termi-
nal (Kolb and Famiglietti, 1974; Sterling et al., 1988; Strettoi et al., 1990). This con-
nection is apparently critical for vision under starlight, as is discussed later. Fourth,
certain narrow-field amacrine cells couple to particular types of ganglion cell (alpha,
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parasol; Dacey and Brace, 1992; Vaney, 1994b). Finally, certain types of ganglion cell
couple homotypically without amacrine participation, e.g., the directionally sensitive
ganglion cell (see Fig. 6.11C; Vaney, 1994a,b).

The ganglion cell differs from “output” cells in other brain regions. The cell is a rel-
atively small, 10-25 pum soma, compared with 50-80 wm for the motoneuron and
Purkinje cell. And ganglion cell dendrites typically extend for only 20-200 um, com-
pared with 1000 pum for the motoneuron. Correspondingly, the ganglion cell collects
relatively few synapses: 60—100 for a central midget cell, 200 for a central beta cell,
and 3000 for a peripheral beta and a central alpha cell (Freed and Sterling, 1988; Co-
hen and Sterling, 1992; Kier et al., 1995; Calkins et al., 1996). In contrast, a spinal al-
pha motoneuron collects about 10,000 synapses, and cerebellar Purkinje cell collects
more than 100,000 synapses! Another difference: a ganglion cell collects synapses ex-
clusively on dendrites and not the soma. By contrast, the motoneuron is encrusted with
synapses over its entire surface (see Chap. 3), and the very design of the Purkinje cell
seems to hinge on an antagonism between excitatory inputs to the dendritic tree and
inhibitory inputs to the soma (see Chap. 7).

DEVELOPMENT

Understanding of how retinal circuits develop is rather fragmentary at present, so rather
than attempt a synthesis, we note some current lines of investigation. A key effort is
to identify mechanisms that generate the plethora of retinal cell types. This seems to
involve specific transcription factors. For example, the Brn-3 family of POU domain
transcription factors are expressed in subsets of retinal ganglion cells. These proteins
first appear in ganglion cell precursors migrating from the zone of dividing neuroblasts
to the future ganglion cell layer. Targeted disruption of the Brn-3b gene causes selec-
tive loss of 70% of ganglion cells but not other types (Gan et al., 1996); also, trans-
gene expression of Brn-3 members labels various types of amacrine and ganglion cells
but not other types (Xiang et al., 1996). Still another POU-domain protein, RPF-1, is
expressed in neuroblasts destined to become ganglion and amacrine cells (Zhou et al.,
1996).

Another effort concerns the mechanisms that regulate cell number (Williams and
Herrup, 1988). As is generally the case, excess cells are produced and then “pruned”
by cell death (“apoptosis”). Thus, in cat by embryonic day 39, about 700,000 ganglion
cells send axons into the optic nerve. They connect centrally and fire action potentials
that drive geniculate neurons (Katz and Shatz, 1996). Nevertheless, by birth only
270,000 axons remain, and by 6 weeks postnatally, there are only about 180,000, which
is the adult number (Williams et al., 1986). Why certain ganglion cells live while oth-
ers die remains to be established, but the current best guess is that the process involves
competition for a specific neurotrophin (reviewed in Katz and Shatz, 1996).

Prenatal firing of optic axons shapes geniculate development because blocking these
action potentials prevents segregation of eye-specific geniculate layers (Penn et al,,
1998). The activity may also help establish orderly two-dimensional maps of retina in
central structures (Katz and Shatz, 1996; Katz and Crowley, 2002). This spontaneous
ganglion cell firing is not random but rather sweeps across the retina in waves, so that
adjacent cells fire together (Meister et al., 1991). The waves of firing are also associ-
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ated with waves of intracellular calcium fluctuation in amacrine and ganglion cells that
may be triggered by cholinergic amacrine cells (Zhou, 2001b). The waves may also be
coordinated via electrical coupling and shared levels of extracellular potassium (Burgi
and Grzywacz, 1994; Penn et al., 1994; Singer et al., 2001). Because “neurons that fire
together, wire together,” these waves of correlated activity may contribute to the or-
derly relationships at the far end of the optic nerve (Katz and Shatz, 1996). The need
to generate these early waves of activity may explain why the earliest synaptic con-
nections in the retina involve lateral rather than forward elements (Maslim and Stone,
1986).

In this early period, GABA and glycine excite ganglion cells and only later switch
over to their more standard inhibitory actions (Fischer et al., 1998; Zhou, 2001a). For
GABA and glycine to excite, the chloride equilibrium potential must be positive to the
resting potential, implying that intracellular chloride concentration is higher during de-
velopment than in the adult. Consistent with this prediction, the chloride transporter
NKCC (which raises intracellular chloride) is high in early development and declines
relative to KCC2 (which lowers intracellular chloride) about the time that GABA be-
comes inhibitory (Vu et al., 2000; Zhang et al., 2003).

At birth, the main ganglion cells in cat (alpha, beta, etc.) are easily recognized (Dann
et al., 1988; Ramoa et al., 1988). But they are not yet connected to their intraretinal
circuits because the photoreceptors are still proliferating, and the bipolar axons are just
descending toward the IPL. As the eyes open (6—10 days postnatal), synaptogenesis
enters high gear and is nearly complete by 4 weeks (Vogel, 1978; Maslim and Stone,
1986). Each cell type probably has its own programmed period and rate of synapto-
genesis, and there is no simple way to characterize the sequence. Thus, it proceeds nei-
ther strictly centrifugally (ganglion cell — bipolar — receptor) nor vice versa (McArdle
et al., 1977; cf. Nishimura and Rakic, 1987). Further, the genesis of retinal wiring, de-
spite its coincidence with eye opening, appears to follow a genetic program and to be
little affected by light or patterned stimulation. Thus, neither dark rearing nor occlu-
sion by lid suture (which prevents patterned stimulation) much affects adult retinal mor-
phology or physiology, even though such procedures profoundly alter the structure and
function of the visual cortex (Daw and Wyatt, 1974; Hubel and Wiesel, 1977). How-
ever, ON and OFF ganglion cells express distinct firing properties during development,
which may allow postsynaptic thalamic cells to distinguish between them and segre-
gate their output into separate ON and OFF sublaminae (Stryker and Zahs, 1983; Wong
and Oakley, 1996). Thus, developmental changes in retinal circuitry influence devel-
opmental changes in ganglion cell axon targeting.

Perinatal alpha and beta ganglion cells display immature dendritic arbors with ex-
cessive branches and spines, and their ON/OFF dendritic stratification is incomplete
(Dann et al., 1988; Ramoa et al., 1988). Pruning of the ganglion dendritic arbors pro-
ceeds almost normally in the presence of TTX. Therefore, action potentials, which cru-
cially shape the axon arbor, hardly affect the dendritic arbor (Wong et al., 1991). On
the other hand, bipolar input (insensitive to TTX) apparently does shape the dendritic
arbors. Thus, tonically hyperpolarizing ON bipolar cells during eye opening (by in-
traocular application of the mGluR6 agonist APB) arrests the normal progress of
stratification (Bodnarenko et al., 1995). Furthermore, during synaptogenesis, a retinal
ganglion cell’s dendritic tree expands and contracts locally, bringing postsynaptic den-
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dritic membrane into contact with presynaptic amacrine and bipolar cell release sites.
Such dendritic remodeling depends on nicotinic acetylcholine receptors and local Ca?*
release from internal stores in the ganglion cell (Lohmann et al., 2002).

The synaptic connections in adult mammalian retina appear not to be “plastic.” But
in lower vertebrates (such as fish and amphibia), the retina continues to grow through-
out life, adding nerve cells in concentric rings at the periphery to all three layers. The
optic tectum, the main target of the fish and amphibian optic nerve, also continues to
add neurons but in concentric crescents rather than in complete rings. This creates a
topological mismatch between the retina and its map on the tectum. Consequently, the
map requires continuous readjustment. This is accomplished by the continuous retrac-
tion of old retinotectal synapses, growth of the optic axons across the tectum, and the
formation of new synapses (Easter and Stuermer, 1984; Reh and Constantine-Paton,
1984). If the neural retina is totally removed from the eye of a fish or amphibian, cells
from the pigment epithelium de-differentiate, divide, and regenerate a whole new neu-
ral retina whose ganglion cell axons find their way to the brain and reconnect properly
(Stone, 1950; Saito, 1999).

Another fascinating developmental plasticity is the shift in retinal wiring that in cer-
tain organisms accompanies changes in lifestyle. For example, the adult frog eats flies
and has a type of ganglion cell tuned by specific circuits to “fly-like” stimuli
(Barlow, 1953; Maturana et al., 1960). However, the tadpole eats algae and lacks
this cell type. The fly-detecting ganglion cell and its neural circuitry develop as

part of the many complex changes that accompany metamorphosis (Frank and
Hollyfield, 1987). However, it seems fairly certain that its emergence is directed by a
genetic program that operates whether or not the frog is ever confronted with a fly.

VISUAL TRANSDUCTION

Rods and cones share the same transduction mechanism (Fig. 6.15). The outer segment
bears numerous cation channels permeable to Na* and Ca%*. A channel flickers open
upon binding four molecules of cGMP, and in the dark the intracellular concentration
of cGMP is high. Therefore, at any instant about 10® channels are open. The result in
darkness is a continuous inward sodium current at the outer segment, which is bal-
anced by an outward potassium current at the inner segment. This circulating dark cur-
rent depolarizes the receptor to about —40 mV. The cell’s ionic balance is maintained
by an active sodium/potassium exchanger operating continuously at the inner segment,
which explains the large energy demand at this site and thus its need for densely packed
mitochondria (see Fig. 6.4; reviewed in Yau, 1994; Pugh and Lamb, 1993, 2000).
The optical image focuses at the level of the inner segments (see Figs. 6.4 and 6.10).
A photon contributing to this image penetrates the plasma membrane to enter the in-
ner segment. Entering a rod, the photon may simply pass through, continuing on until
it is finally trapped in a neighboring receptor. Which rod captures a given photon does
not matter because at night the optical image is poor and subsequent pooling of rod
signals is great. However, if a photon enters a cone inner segment roughly parallel to
its long axis, it is trapped due to the densely packed and longitudinally oriented mito-
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chondria that raise the refractive index. Thus, the cone inner segment’s “wave-guide”
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Fig. 6.15. Basics of transduction and forward signal transfer. One cycle of a dark/bright grating
flashes briefly on a steady background. Light decrement for the left cone allows guanyl cyclase to
raise [CGMP), thus opening cation channels in the outer segment and depolarizing the cone mem-
brane potential (V)y). The cone terminal increases its discharge of glutamate onto ionotropic re-
ceptors (iGluR), depolarizing the OFF bipolar cell, thus releasing glutamate onto the OFF ganglion
cell and causing it to spike. Light increment for the right cone isomerizes rhodopsin, triggering the
G protein cascade that lowers [cGMP], thus closing cation channels in the outer segment and hy-
perpolarizing the cone membrane potential. The cone terminal ceases its tonic release of glutamate
onto metabotropic (mGIluR6) receptors, depolarizing the ON bipolar cell, thus releasing glutamate
onto the ON ganglion cell and causing it to spike. This key step at the cone terminal, use of paired
neurons to separately encode light decrement and increment, carries forward to the ganglion cells
that feed the geniculostriate pathway, doubling the total dynamic range.

funnels photons toward the outer segment to preserve the correspondence between the
optical image and the transduced image (Enoch, 1981).

A photon reaching the outer segment penetrates the stacked membrane discs (see
Fig. 6.4) until it encounters a molecule of photopigment (rhodopsin) and transfers its
energy. This isomerizes the vitamin A group attached to the opsin protein, activates the
molecule, and causes it to activate several hundred molecules of the G-protein trans-
ducin. Transducin then activates hundreds of phosphodiesterase molecules that rapidly
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hydrolyze cGMP, lowering its concentration. This closes the cation channels and re-
duces the Na* and Ca®* influx (“dark current”), thus hyperpolarizing the outer seg-
ment. This signal spreads to the inner segment where voltage-gated channels further
shape it temporally and boost its amplitude (reviewed in Pugh and Lamb, 1993; Yau,
1994) before sending it down the axon (Hsu et al., 1998).

The rod achieves the ultimate sensitivity: one photon isomerizes one rhodopsin mol-
ecule (Rh*), which lowers the cGMP concentration enough to suppress about 4% of
the dark current. This gives a =0.7 pA signal with a signal/noise ratio of about 3.5
(Baylor et al., 1984). Although the rhodopsin molecule is quite stable, it does isomer-
ize without a photon—by thermal agitation—producing =0.006 Rh*/rod/s. Because
the next stage cannot distinguish a photic isomerization from a thermal one, this rate
of “dark light” helps set the lower limit of visual sensitivity (reviewed in Barlow, 1982).

The rod sums linearly up to about 20 Rh* delivered as a flash, saturating completely
to 100 Rh*/flash (Baylor et al., 1984). But to a background that steadily evokes
100 Rh* per integration time (corresponding to twilight), the rod can reduce its sensi-
tivity and thus avoid saturation when the cone signal is declining toward its threshold.
Complete saturation occurs at about 1000 Rh* per integration time (Tamura et al., 1989,
1991).

Rod adaptation arises from multiple mechanisms that affect individual steps of the
phototransduction cascade, and many of these mechanisms depend on the intracellular
level of Ca’?* (Pugh and Lamb, 2000; Burns and Lamb, 2003). An additional mecha-
nism for adaptation, observed in vivo, involves the light-induced movement of the
G-protein transducin from the rod outer segment to compartments in the inner segment
and soma (Sokolov et al., 2002).

The cone is less sensitive by nearly 70-fold: 1 Rh* suppresses only about 0.06% of
the dark current, but this response is buried by random fluctuations of the membrane
current and so is undetectable. The cone signal first rises above the noise when about
100 Rh* arrive within its integration time; thus its threshold for signaling uses about
the same fraction of the dark current as the rod (Schnapf et al., 1990). The cone sig-
nal turns on at the same rate as the rod, but turns off much faster, which is key to
its shorter integration time and greater temporal resolution (Pugh and Lamb, 1993;
Tachibanaki et al., 2001). As light intensity rises, several mechanisms turn down cone
sensitivity to retain a linear response, and even in the brightest light the response does
not saturate completely (Burkhardt, 1994). The mechanisms that arrest transduction
and turn down its sensitivity involve feedback control by calcium at many levels of the
cascade but are as yet incompletely understood (reviewed in Yau, 1994; Burns and
Lamb, 2003).

DENDRITIC AND AXONAL PROPERTIES

PATTERNS OF FUNCTIONAL POLARIZATION

Classically, “dendritic” has implied passive current flow toward the soma and axon
hillock. “Axonal” has implied active propagation away from the soma toward the pre-
synaptic terminal. But in retina as elsewhere (see Chaps. 1 and 2), these simple defi-
nitions tend to dissolve. True, the forward “relay” neurons do display typical polarity.
Indeed, the sequence: photoreceptor — bipolar cell — ganglion cell was Cajal’s pri-
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mary exemplar (together with the olfactory bulb’s mitral cell; see Chap. 5) for his “law”
of polarized conduction. However, photoreceptor and bipolar axons do not normally
spike; rather they are passive, releasing transmitter upon graded depolarization (von
Gersdorff and Matthews, 1994; Rieke and Schwartz, 1996). Also, these axon terminals
receive modulatory inputs. Both points violate classical theory.

The lateral elements break all the classical rules (Piccolino, 1986). In fact, their de-
signs seem almost ad hoc, each suited to accomplish a particular task. Thus, a hori- -
zontal cell collects input all along its processes and gives output at the same sites.
Furthermore, because horizontal cells are strongly coupled, they present essentially a
continuous sheet, passively integrating inputs and modulating outputs rather widely in
space and time (Smith, 1995). A narrow or medium-field amacrine cell is also non-
polarized because its input and output tend to be near each other (Famiglietti, 1991;
Calkins and Sterling, 1996). However, these amacrine processes are quite fine caliber,
are not coupled, and may be passive. Consequently the output of such a cell may cre-
ate a local feedback circuit for temporal sharpening (Freed et al., 2003).

The starburst amacrine cell, with dendrites like spokes of a wagon wheel (see Fig. 6.9),
collects excitatory input uniformly along each branch but provides output only at the dis-
tal segments. Consequently, light stimulus sweeping across this cell proximo — distally
excites the output more effectively than a stimulus moving disto — proximally (Euler et
al., 2002). This effect, coupled with the starburst cell’s asymmetrical connections to the
directionally selective ganglion cell (Fried et al., 2002), may explain the mechanism for
directional selectivity identified long ago (Barlow and Levick, 1965).

The wide-field amacrine cells present a bizarre twist to the theme of polarized con-
duction. As noted, these cells collect input conventionally via a dendritic tree that fun-
nels PSPs toward the soma. Action potentials also arise conventionally, at an axon hillock,
and propagate for millimeters across the retina (see Fig. 6.9). Unconventionally, though,
each primary dendrite emits its own axon; thus, although the cell segregates its passive
dendrites and spiking axons, the latter broadcast spikes radially in two dimensions.

The AIl amacrine cell represents still another twist to the theme of functional po-
larity and active versus passive membrane. The cell collects its key input from rod bi-
polar synapses on its main arbor in the ON layer of the IPL and uses gap junctions
with cone bipolar axon terminals as a local excitatory output. Because the All collect-
ing arbor is narrow-field, it should not require active membrane to propagate its sig-
nal, yet the cell produces large, fast depolarizations that are sensitive to TTX (Nelson,
1982; Boos, et al., 1993). Here, a voltage-sensitive membrane, rather than spreading
signals beyond where passive conduction could take them, seems to provide a “thres-
holding” mechanism that amplifies nonlinearly to separate small signals from noise
(Freed et al., 1987; Smith and Vardi, 1995).

Neighboring AIl cells couple to one another with a conductance of about 700 pS,
which promotes synchronous spiking in the network (Veruki and Hartveit, 2002). The
importance of All spiking for the ganglion cell response remains unclear because in
dark-adapted retina (where the All carries the rod signal), robust ganglion cell rsponses
are recorded even when All spikes are blocked with TTX (Taylor, 1999). The AII’s re-
sponse properties and the extent of AII-AII coupling depend strongly on the degree of
light adaptation (Bloomfield et al., 1997; Xin and Bloomfield, 1999). Only a few of
the 40 amacrine types have been studied, so further surprises are to be expected.
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INDIVIDUAL RETINAL NEURONS ARE ELECTROTONICALLY COMPACT

The axons and main dendrites of feedforward neurons are relatively short and thick.
Thus rod and cone axons, respectively, 0.5 and 1.6 um diameter, range from 20 to
400 pum long (Hsu et al., 1998). Bipolar dendrites and axons are about the same thick-
ness as photoreceptor axons but even shorter. Ganglion cell dendrites (beta and alpha)
are also about 0.5~1.5 pm in diameter, and the arbors range from about 30 to 250 um
across. Consequently, all synapses onto these cells are calculated to be well within
one space constant of the soma. Electrotonic considerations indicate that photovolt-
ages transmitted to rod and cone terminals and EPSPs transmitted from distal den-
drites to the ganglion cell soma are little attenuated (Koch et al., 1982; Freed et al.,
1992; Kier et al., 1995; Hsu et al., 1998). Ganglion cells in the periphery (alpha, para-
sol) and certain cell types all across the retina are much larger than 250 pm, reach-
ing up to 1 mm diameter (Berson et al., 1998; Peterson and Dacey, 1999). In these
cells, active mechansisms, such as dendritic Nat channels, may allow transmission
from distal dendrite to soma (Velte and Masland, 1999).

NEUROTRANSMITTERS AND POSTSYNAPTIC RECEPTORS

Essentially all of the transmitters identified elsewhere in the brain exist also in the
retina. A transmitter can be assigned to a cell type upon immunocytochemical detec-
tion of (/) the endogenous transmitter, (2) its synthetic enzyme, and (3) transmitter re-
ceptors on postsynaptic cells. When no antibody is available, in situ hybridization for
mRNA of the appropriate molecule also provides a clue, but the conclusion remains
tentative because the mRNA may not be expressed. Commonly, a neuron that uses a
particular transmitter also expresses a transporter molecule on its surface that binds the
transmitter in the extracellular space and actively pumps its back into the cell. Miiller
cells are not known to release glutamate, but they do express receptors for amino acid
transmitters and also transporters for both GABA and glutamate (reviewed in Newman
and Reichenbach, 1996). Most recently, they are shown to release ATP, which activates
A, adenosine receptors on ganglion cells and inhibits them, probably by modulating a
GIRK (G-protein-regulated K* channel; Newman, 2003).

PHOTORECEPTORS TO HORIZONTAL AND BIPOLAR CELLS

Photoreceptors contain the excitatory amino acid glutamate and release it when depo-
larized. Two experimental fours de force seem conclusive. First, a turtle rod was sucked
by its outer segment into a micropipette through which it could be electrically stimu-
lated. The tip of a second pipette, bearing a patch of neuronal membrane ripped from
a cultured hippocampal neuron, was moved close to the rod axon terminal. The mem-
brane patch, which was “outside out” (see Chap. 2), contained the NMDA type of glu-
tamate receptor. Electrically depolarized, the rod released a transmitter onto this
“sniffer” patch, opening ion channels gated by the NMDA receptor (Copenhagen and
Jahr, 1989). Second, the rod axon terminal was sucked into a pipette containing gluta-
mate dehydrogenase plus NAD; then release of glutamate was measured directly by an
increase in fluorescence due to the formation of NADH, (Ayoub et al., 1989).
Postsynaptic to photoreceptors, horizontal cells express iGluRs (AMPA and kainate)
that open a cation channel with a reversal potential near zero (Haverkamp et al., 2000,
2001a,b). Thus, as the photoreceptor depolarizes to dark stimuli and releases glutamate
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(see earlier and Fig. 6.15), the horizontal cell depolarizes. The OFF bipolar cell den-
drites also express iGluRs and thus also depolarize to dark stimuli. Although horizon-
tal and OFF bipolar cells express the same broad class of receptor (iGluRs), the
particular combinations of receptor subunits differ (DeVries, 2000). This could explain
how the effective concentration for a half-maximal response (ECsq) could be 0.5 mM
for the horizontal cell and 10 uM for the bipolar cell (Sasaki and Kaneko, 1996). This
sensitivity difference seems key to assembling multiple postsynaptic processes into a
complex where they can all be activated by the same point source of glutamate (see
Fig 6.13; Rao-Mirotznik et al., 1998).

The ON bipolar dendrites express a metabotropic glutamate receptor, mGIuR6 (see
Fig. 6.15A; Nomura et al., 1994). This receptor, highly localized to the tips of rod bi-
polar and ON cone bipolar dendrites, couples to a second messenger system requiring
the G-protein, G, (Vardi and Morigiwa, 1997; Dhingra et al., 2000, 2002). Glutamate
binds this receptor to close an ion channel with reversal potential near zero and thus
hyperpolarizes the cell. Light suppresses the photoreceptor’s glutamate release to open
this cation channel and depolarize the cell. This synapse has been termed “sign-
reversing” and “inhibitory” because glutamate’s action is to hyperpolarize, but the re-
versal potential is positive (i.e., excitatory). Therefore, it may be simplest to consider
the ON bipolar cell as excited by bright stimuli and the OFF bipolar cell as excited by
dark stimuli (both relative to the local mean intensity level).

By using two different receptors for the same transmitter, OFF and ON cone bipo-
lar cells double the dynamic range for encoding intensity differences across a natural
scene (see Fig. 6.18). Half of the bipolar cells carry signals greater than the local mean,
and half carry signals less than the local mean. Their ganglion cells and correspond-
ing cells in the lateral geniculate nucleus follow suit. Finally, at the level of simple
cells in striate cortex, these signals recombine. The receptive field of a cortical “sim-
ple cell” comprises elongated ON and OFF subregions. Within an ON subregion fir-
ing is evoked by increased excitation from ON geniculate cells and decreased inhibition
from OFF geniculate cells; conversely, within an OFF subregion firing is evoked by
increased excitation from OFF geniculate cells and decreased inhibition from ON gan-
glion cells (Palmer and Davis, 1981; Ferster, 1988). Thus, each subregion, wired in
“push-pull” fashion, uses the full dynamic range that was initially divided at the cone
synapse. An important lesson here is that to understand the reason for a particular en-
coding procedure at one synapse, one may need to look ahead another four or five
stages!

It was thought initially that the ON bipolar cell’s mGluR6 couples to a G-protein that
activates phosphodiesterase (PDE) to hydrolyze cGMP and close a cation channel, i.e.,
mimicking the mechanism for phototransduction (Nawy and Jahr, 1990; Shiells and
Falk, 1990). But Goy, the protein coupled to mGluR6, although crucial to the ON light
response, is not linked to PDE or cGMP hydrolysis, and thus the link between activa-
tion of Go,; and the closing of the cation channel remains a mystery (Vardi, 1998;
Nawy, 1999; Dhingra et al., 2000, 2002).

HORIZONTAL TO PHOTORECEPTOR AND BIPOLAR CELLS

Horizontal cells use GABA. Although mammalian horizontal cells do not demonstra-
bly accumulate exogenous GABA, they do contain it (Chun and Wissle, 1989). They
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also express the GABA-synthetic enzyme glutamic acid decarboxylase (GAD) in one
of two isoforms, GADgs or GADg; (Vardi and Sterling, 1994; Johnson and Vardi, 1998).
Further, GABAA and GABA( receptors are expressed by cone bipolar and rod bipolar
dendrites, implying a local source of GABA, presumably horizontal cells (Vardi et al.,
1992; Vardi and Sterling, 1994; Enz et al., 1996; Shields et al., 2000). The cone axon
terminal hyperpolarizes to jonophoresis of GABA, suggesting GABA feedback onto it
(e.g., Tachibana and Kaneko, 1984; Wu, 1992; Pattnaik et al., 2000).

BIPOLAR TO GANGLION AND AMACRINE CELLS

Bipolar neurons use glutamate as a transmitter. Here the evidence rests mainly on the
responsiveness of ganglion and amacrine cells to jonophoresed glutamate and its var-
lous agonists and antagonists. iGluRs are both expressed by ganglion cells and specific
amacrine types (Cohen et al., 1994; reviewed in Wilson, 2003). Many different sub-
units of each receptor type are present (Vardi and Morigiwa, 1997; Qin and Pourcho,
1999a,b; Fletcher et al., 2000; Pourcho et al., 2001). However, in general amacrine cells
express kainate receptors, whereas ganglion cells express AMPA and NMDA receptors
(Grunert et al., 2002). Furthermore, various processes in the inner plexiform layer, in-
cluding bipolar terminals, express metabotropic glutamate receptors (Hartveit et al.,
1995; Brandstitter et al., 1996; Awatramani and Slaughter, 2001; Higgs et al., 2002).

Certain bipolar neurons contain glycine and appear to accumulate it from the extra-
cellular medium (Cohen and Sterling, 1986; Pourcho and Goebel, 1987). Furthermore,
some ganglion cells bear glycine receptors and respond to ionophoretic glycine with
an increased CI~ conductance that is blocked specifically by strychnine (Bolz et al.,
1985; Koulen et al., 1996). However, it now appears that glycine enters the bipolar ter-
minal via the gap junctions with the AIl amacrine cell that accumulates it via a glycine
transporter (Cohen and Sterling, 1986; Vaney et al., 1998). Thus, although bipolar cells
contain glycine and apparently provide a glycine reservoir for the All cell, they prob-
ably do not release it.

One striking complication is that certain bipolar cells contain endogenous GABA
and express GAD (Wiissle and Chun, 1988; Vardi and Auerbach, 1995). These cells
represent two distinct types with axons in the OFF layer of the IPL (Kao et al., 2003).
These cells express the vesicular transporters of both glutamate and GABA, and thus
probably do release both transmitters (Kao et al., 2003). If so, a differential arrange-
ment of postsynaptic receptors would permit this synapse to excite one member of its
postsynaptic dyad (ganglion cell) while simultaneously inhibiting the other (AIl
amacrine cell).

AMACRINE CELLS

About half of all amacrine somas contain glycine and half contain GABA plus GAD
(Vardi and Auerbach, 1995). However, GABA is expressed in many amacrine types
that also express other transmitters. For example, the starburst amacrine cells that
synthesize acetylcholine also synthesize GABA using both isoforms of GAD (Brecha
et al., 1988; Kosaka et al., 1988; Vaney and Young, 1988; Vardi and Auerbach, 1995).

Other GABA amacrine cells contain dopamine, indoleamines, or neuropeptides such
as somatostatin, vasoactive intestinal polypeptide, and substance P (Sagar, 1987; Vaney
et al., 1989b; White et al., 1990; reviewed in Vaney, 1990, 2003; Casini and Brecha,



Chapter 6. Retina 253

1992). Still other amacrine cells contain NADPH diaphorase, which synthesizes nitric
oxide, so conceivably GABA in amacrine cells is never the sole transmitter (Sandell,
1985; Sagar, 1987). It remains unclear whether any cell co-releases GABA with its
other transmitter/modulator, whether they are released at different spatial loci, or in re-
sponse to different electrical or chemical signals (O’Malley et al., 1994).

Processes postsynaptic at amacrine synapses bear the standard receptor molecules.
Thus, where glycine is presynaptic, there are postsynaptic glycine receptors (Freed and
Sterling, 1988; Pourcho and Owczarzak, 1991; Sassoé-Pognetto et al., 1994); where
GABA is presynaptic, there are postsynaptic GABA, or GABA( receptors (Vardi
and Sterling, 1994; Enz et al., 1996). Bipolar terminals express both GABA, and
GABAC receptors, whereas ganglion cells express mainly GABA 4 (Shields et al., 2000).
GABA, currents are more transient than GABA( currents, and thus the relative ex-
pression of these two receptors will temporally shape light-evoked inhibition (Shields
et al., 2000).

Unlike GABA, dopamine can act in a “paracrine” fashion, reaching postsynaptic tar-
gets tens of microns beyond its site of release. Thus, the D; receptors distribute much
more widely than the conventional dopaminergic synapses (Witkovsky et al., 1993;
Veruki and Wissle, 1996). Neuropeptide receptors tend to have many subtypes. For ex-
ample, for somatostatin there are five types, one of which, SSRT2a, has been localized
in retina to the rod bipolar terminal (Reisine and Bell, 1995; Vasilaki et al., 1996).
Acetylcholine released by the starburst amacrine cell also must have different recep-
tors because the direction selective cell is affected by nicotinic blockers (ionotropic),
whereas alpha and beta cells are also affected by muscarinic agonists (metabotropic)
(Schmidt et al., 1987).

Matters already seem complicated by multiple presynaptic transmitters and multiple
subtypes of postsynaptic receptor. But they are profoundly more so because many post-
synaptic receptors, including those for glutamate, GABA, dopamine, indoleamines, and
peptides, couple to various G-proteins, and these trigger a variety of “second messen-
ger” systems. For example, Gy is expressed by wide-field horizontal cells and gan-
glion cells in the IPL; G, is expressed by ON bipolar cells and by certain amacrine
processes in IPL (Vardi et al., 1993). Because a given G-protein can couple to more
than one type of downstream effector, the possible signaling pathways must be very
large. Thus, one senses an underlying neurochemical network at least as complex as
the network of anatomical connections.

FUNCTIONAL CIRCUITS

HOW EFFICIENT IS THE RETINA?

Having described the main types of retinal neuron and their connections, transmitters,
etc., we are nearly ready to consider how the anatomical wiring serves function. But
first we should ask how well does the retina perform? The first steps of phototrans-
duction are inefficient: only about one-third of the photons striking the retina are ab-
sorbed by a rhodopsin molecule, and only half of these cause isomerization (reviewed
in Sterling et al., 1987). Yet once activated, an Rh* projects this information through
subsequent stages with remarkable reliability. Thus, a single Rh* activates several hun-
dred transducin (G-protein) molecules and thence a comparable number of PDE cat-
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alytic subunits (Leskov et al., 2000), leading reliably to two or three spikes in several
ON ganglion cells and to suppression of two or three spikes in several OFF ganglion
cells (Barlow et al., 1971; Mastronarde, 1983; Vardi and Smith, 1996).

Once a single photon signal reaches a ganglion cell, to be useful it must sum effi-
ciently with other such signals. If noise were added along the way, e.g., due to random
release of synaptic vesicles, or if the signal were to saturate some stage along the trans-
mission pathway, information would be lost and the image would be degraded. Yet we
discriminate stimuli near threshold with very little information loss along neural cir-
cuits. The evidence stems from “ideal observer” computer models that perform any
specified discrimination simply based on the number of photons counted. The models
take account of losses due to optics, photoreceptor sampling, and transduction. But
thereafter, they operate ideally, i.e., with no further information loss due to neural mech-
anisms (Geisler, 1989). It turns out that for a suitable stimulus we approach the sensi-
tivity of an ideal observer to within a factor of 2-3 in both dim and bright light (Crowell
and Banks, 1988; Savage and Banks, 1992). Therefore, the sum of all stages—from
transduction to the ultimate site of discrimination—must not lose any more informa-
tion than this. Thus retinal circuits must be extremely efficient—as implied by the fine
sculpting of the receptor mosaic (described earlier). This alerts us to circuit mecha-
nisms that prevent noise and saturation.

CIRCUITS FOR GANGLION CELL RECEPTIVE FIELD

Center. The center circuit turns out to be fairly simple: the cones co-spatial with the
ganglion cell dendritic field modulate glutamate release onto dendrites of cone bipolar
cells whose axons contact the ganglion cell dendritic tree. Brightening these cones de-
polarizes the ON bipolar cells and delivers glutamate to ON ganglion cell dendrites;
dimming these cones depolarizes the OFF bipolar cells and delivers glutamate to OFF
ganglion cell dendrites (see Fig. 6.15A). Thus, the “center” circuit is purely excitatory.

The number of cones that connect directly to a ganglion cell dendritic arbor depends
on species, retinal location, and ganglion cell type. For example, in cat, about 35 cones
overlie a central beta cell dendritic field and employ about 15 bipolar cells to contact
it with nearly 200 synapses (Fig. 6.16) (Cohen and Sterling, 1992). About 625 cones
overlie a central alpha cell and use about 150 bipolar cells with nearly 450 synapses
(Fig. 6.16; Freed and Sterling, 1988). In these respects, a peripheral beta cell resem-
bles a central alpha cell (Kolb and Nelson, 1993; Kier et al., 1995).

In primates, the receptive field centers are much smaller. For example, in the fovea
a single cone contacts a pair of “midget” bipolar cells (ON and OFF) that in turn con-
tact, respectively, ON and OFF “midget” ganglion cells. This 1:1 bipolar-to-ganglion
cell connection is accomplished with only about 50 synapses (Calkins et al., 1994). In
the periphery, e.g., 20 degrees, about 10 cones overlie the midget ganglion cell. Here,
although each cone still contacts its own private midget bipolar cell, several of these
converge onto a midget ganglion cell (Dacey, 1996; Goodchild et al., 1996b). The wider-
field ganglion cells in primate fovea, “parasol” and “garland” cells, collect on the or-
der of 30-50 cones (Calkins and Sterling, 2003).

What explains the alpha cell’s transient response to a steady center stimulus versus
the beta cell’s sustained response (see Fig. 6.7)? Multiple mechanisms cooperate: (1)
only one type of bipolar cell contacts the alpha cell, and it has a large transient re-
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Fig. 6.16. Circuits for the ganglion cell receptive field center. A: Sensitivity profiles of central
beta and alpha cell receptive fields. Beta cell is 8-fold more sensitive than an alpha cell to a
small spot (just covering the beta center). Beta centers are narrow and closely spaced; alpha cen-
ters are broader and coarsely spaced. B: Beta cell collects about 80 synapses from the b; bipo-
lar array, whereas the alpha cell collects 450 b; synapses. C: Beta gaussian sensitivity profile is
shaped mainly by the bipolar receptive field center, which is broad due to optical blur and cone
coupling- (see Fig. 6.17); the synapse distribution across the narrow beta dendritic tree hardly
matters. Alpha gaussian sensitivity profile is shaped partly by the bipolar centers, but more im-
portantly by the dome-like distribution of synapses across the dendritic tree. The beta cell’s
greater peak sensitivity is due to its greater density of synapses/retinal area. [After Freed and
Sterling, 1988; Freed et al., 1992.]

sponse, whereas three types of bipolar cell contact the beta cell and carry sustained as
well as transient responses (see Fig. 6.6B; Nelson and Kolb, 1983; Freed and Sterling,
1988; Cohen and Sterling, 1992; Freed, 2000a,b). (2) Starburst amacrine processes, co-
planar with the alpha dendritic arbor, associate with it, whereas starburst processes have
access to only a small fraction of the beta dendritic arbor (Vardi et al., 1989; Luo et
al., 1996). (3) Bipolar input to the starburst cell, mediated by kainate receptors, tran-
siently releases acetylcholine onto ganglion cell dendrites (Famiglietti, 1991; Linn et
al.,, 1991). (4) Nicotinic receptors so activated depolarize but rapidly desensitize
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(Kaneda et al., 1995). (5) Glycinergic amacrine synapses from narrow-field amacrine
cells provide many synapses to the alpha cell and may antagonize the center excitation
(Freed and Sterling, 1988). (6) Voltage-gated sodium channels for the alpha cell action
potential inactivate rapidly (Kaneda and Kaneko, 1991). (7) Alpha cells have very low
impedence, which may contribute to a faster time constant (Cohen, 2001; O’Brien et
al., 2002). In short, this key physiological difference between the alpha and beta cell
types arises partly from differences at the intercellular level (wiring) and partly from
differences at the intracellular level (different receptors and channels).

Surround. The inhibitory surround arises first at the cone terminal (Fig. 6.17) (e.g.,
Baylor et al., 1971; Smith and Sterling, 1990). Whereas a bright spot hyperpolarizes a
central cone, a bright annulus hyperpolarizes surrounding cones. This suppresses their
tonic excitation of horizontal cells, reducing GABA released onto the central cone and
causing it to depolarize, in antagonism to its light response (Fig. 6.17D; Leeper and
Charlton, 1985). Illuminating a small patch of cones, corresponding to the ganglion
cell center, hardly affects horizontal cells because the patch constitutes at most a few

Spot
Spot Ann]ulus Anntilus
| 1/

T

Fig. 6.17. A: Cone array in cat central area (24,000/mm?). A point of light striking the cornea
spreads, due to optical blur, to stimulate about 10 cones (PSF = point spread function). The sig-
nal spreads farther, due to coupling at cone terminals, to create a receptive field center (RFC)
for one cone (*) that encompasses about 50 cones. Inhibitory feedback via horizontal cells causes
a receptive field surround (RFS) encompassing about 1200 cones. B: Sensitivity profile
(difference-of-Gaussians) calculated for the cone receptive field. C: Neural circuit thought to
shape the cone sensitivity profile: center shaped by optics plus coupling; surround shaped by in-
hibitory feedback (inset): its narrow, deep region set by narrow, weakly coupled Hp cell; its broad,
shallow region set by broad, strongly coupled H, cell. D: Intracellular recordings from turtle
cone demonstrate its center-surround receptive field: a spot hyperpolarizes the center cone (*);
an annulus causes a brief hyperpolarization by scattering light onto the center; the annulus plus
the spot demonstrates the surround’s depolarizing effect. [A-~C from Smith, 1995; D from Ger-
schenfeld et al., 1980.]
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percent of the horizontal cell input. But covering a wide field of cones (50-80 times
as many cones as the center) is effective. Experiments suggest that the electrical effect
of modulating a hemi-gap junction at the tip of the horizontal cell spine might con-
tribute to modulating the cone terminal (Kamermans et al., 2001).

The bipolar cell, by summing center-surround receptive fields of 5~10 converging
cones, begins at the OPL to establish its own center-surround receptive field (Werblin
and Dowling, 1969; Kaneko, 1970; Dacey et al., 2000). Another contribution to the
bipolar cell’s surround comes from horizontal cell release of GABA onto GABA4 re-
ceptors on the bipolar dendrite (Vardi et al., 1992; Vardi and Sterling, 1994; Haverkamp
and Wissle, 2000). Cone glutamate release drives ON and OFF bipolar cells in oppo-
site directions depending on their glutamate receptor (mGluR for ON, iGluR for OFF).

Horizontal cell GABA release also drives ON and OFF bipolar cells in opposite di-
rections, but does so using only one class of receptor: GABA-gated chloride channels.
So, how might this work? The two bipolar classes express different chloride trans-
porters on their dendrites—NKCC,(a chloride accumulator) for ON cells, and KCC2
(a chloride extruder) for OFF cells Vardi et al., 2000b). Therefore, one idea is that
NKCC sets the ON cell’s chloride reversal potential positive to rest and that KCC2 sets

the OFF cell’s chloride reversal negative to rest (Vardi et al., 2000b). However, the ON

bipolar axon terminal also expresses GABA-gated chloride reversal potentials that
appear to be hyperpolarizing (E¢y negative to rest). This would imply an intracellular
gradient of chloride, which has not been found (Satoh et al., 2001; Billups and Attwell,
2002). The puzzle remains.

The bipolar response pattern carries forward via excitatory synapses onto the gan-
glion cell. Consequently, when a beta cell sums 100 excitatory cone signals in its cen-
ter, it also sums the antagonism of their surrounds; when an alpha cell sums 625 cone
signals for its center, it likewise sums their antagonism. Because the alpha surround
represents many more cone surrounds than the beta surround, it is noticeably stronger
(see Fig. 6.16; Freed and Sterling, 1988; Smith and Sterling, 1990). The efficacy of
this lateral inhibitory circuit was demonstrated by injecting current into a horizontal
cell and observing its suppression of light-evoked firing in ganglion cells (Mangel,
1991).

Lateral circuits of the IPL also contribute to the ganglion cell surround. Bipolar ax-
ons beyond the ganglion cell dendritic field excite amacrine arbors and spread signals
toward the ganglion cell where they release glycine or GABA onto presynaptic bipolar
terminals and ganglion cell dendrites (Pourcho and Owczarzak, 1989; Griinert and
Wiissle, 1990; Crooks and Kolb, 1992; Vardi and Sterling, 1994; Calkins and Sterling,
1996; Cook and McReynolds, 1998; Taylor, 1999; Flores-Herr et al., 2001; Roska and
Werblin, 2001). Correspondingly, inhibitory conductances are recorded in the ganglion
cell to broad stimuli but not to narrow ones (Freed and Nelson, 1994; Flores-Herr et
al.,, 2001).

HOW RETINAL CIRCUITS SERVE VISION

NATURAL SCENES CONTAIN FINE DETAIL AT LOW CONTRAST

To appreciate how retinal circuitry serves visual performance, consider a scene from
nature: a sheep among cottonwoods as viewed by a predator (wildcat) at 10 meters
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(Fig. 6.18A). At this distance the retinal image contains detail that is fine with respect
to the grain of the ganglion cell mosaic. For example, the dark tip of the sheep’s nose
projected onto the cat’s retina fills a beta cell’s receptive field center. But the detail in
this scene differs from that in an eye chart or a newspaper where the contrast is high
(white/black = 100/10). In nature, the contrast tends to be low, more like 100/90 and
even 100/99, and this is apparent in the photometer reading across the scene (Fig. 6.18B;
Srinivasan et al., 1982).

To create the optical image of a low-contrast scene requires lots of light. You can
verify this simply by viewing fine detail at a distance where it begins to blur. Decrease
the intensity, either by dimming the light or by viewing through a dark glass, and the
detail is utterly lost. Increase the intensity, and further detail emerges until the light is
very bright. This can hardly be news, for who is unaware that visual acuity deterio-
rates after sunset? But why? Consider the explanation by Albert Rose, a pioneer in
video engineering.

Rose (1973) likens the retina to a black canvas on which photons paint a scene in
the pointillist style. To render one picture element (pixel) black and the others white
(high contrast) requires at least N — 1 photons, where N is the number of pixels in the
array. However, to render this pixel gray, say an intensity 99% of the surrounding white
pixels, requires the gray pixel to receive 99 photons while the others receive 100. Thus,
the number of photons needed to render this scene is 100N — 1; more generally, the
lower the contrast in a scene, the more light is needed to represent it in an image.

There is an additional fact of physics to consider: photons arrive at a given point
randomly in time. Their temporal fluctuation causes uncertainty regarding the true in-
tensity at this point and is thus termed photon noise. As for all random processes that
follow Poisson distribution, this noise (i.e., standard deviation) is proportional to the
square root of the mean. Consequently, to paint a pixel pale gray (1% dimmer than its
neighbors) using random photons requires not 100 photons per pixel, as with the de-
terminate dots of a pointillist, but the square of 100, i.e., 10,000 photons! To represent
for an instant (=50 ms) in gray the finest detail that human optics can project onto the
retinal canvas would require a single cone to register about 10,000 photons—and that
is about what is available in strong daylight. In short, to register fine detail at low
contrast, every possible photon must be transduced to minimize photon noise. This

b
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Fig. 6.18. How narrow-field and wide-field arrays “filter” the transduced image of a natural
scene. A: Photograph of a bighorn sheep among the cottonwoods. Spatial detail is represented
as peaks and troughs of intensity around some mean level. B: Photometer scan across the mid-
dle of the image (between the arrows). Much discerible structure, e.g., fine branches, differs
from the mean by only a few percent. Were this scene viewed by a mountain lion at 10 meters,
one pixel would correspond roughly to one cone, and the intensity axis would correspond roughly
to the signal amplitude across the cone array. Dimensions and spacings of the narrow-field and
wide-field receptive fields are also indicated. C: Signal amplitude after filtering by narrow-field
cell array. Subtraction by the surrounds of the shared signal component has reset the mean to
zero; pooling by the centers has reduced the noisy fluctuations. D: Signal amplitude after fil-
tering by the wide-field cell array. Again, a zero mean, but the broad pooling and sparse sam-
pling has removed all but the coarsest spatial detail, thereby clearing the wide-field cell’s dynamic
range to efficiently encode motion. [Photograph by A. Pearlman; computations for B-D by
R. Rao-Mirotznik and M. Eckert.}
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explains why baseball players tracking a white flyball (subtending only a few cones)
against a bright sky do not wear sunglasses (Sterling et al., 1992).

TO TRANSMIT A LOW-CONTRAST NEURAL IMAGE
REQUIRES MANY SIGNALING EVENTS

One problem is that photon fluctuation in the optical image carries forward into the
neural image at the level of the cones. Here, there are additional sources of noise be-
cause each step in transduction depends on random processes whose noise levels fol-
low the same “square-root law” as photons. For example, cation channels in the cone
outer segment flicker open and shut as they bind and release molecules of cGMP. The
closing of a given channel at any instant does not represent a fall in the concentration
of cGMP (any more than a single bump of a gas molecule on the wall of a container
represents pressure) and therefore does not represent a transduction event. Only a fall
in the average number of open channels signifies transduction; so again, the S/N ratio
is N/'V'N. To represent at the first neural stage a 1% difference in the optical image re-
quires 10,000 photosuppressible channels-—and that is about 10% of what is available
at any instant in one cone (Yau, 1994).

The next problem is that a synapse can transmit only a limited number of intensity
levels. This is determined by the number of synaptic vesicles that it can .modulate over
its modest integration time. For example, a cone terminal has been calculated to re-
lease 100 vesicles/s at each of 20 ribbon synapses (Rao et al., 1994a), but over its in-
tegration time of about 50 ms, this is only 100 vesicles. Assuming that vesicle release
is temporally random, the terminal could transmit at most 10 levels (V100). This may
be somewhat fewer levels than a cone outer segment could encode given that a thresh-
old stimulus uses 5% of its photosuppressible conductance. So how can the cone ter-
minal match the information content at its output to the number of vesicles available .
for transmission? The question applies equally to the ganglion cell—which fires hun-
dreds of spikes/s (Kuffler, 1953), but over its 100-ms integration time, only 10-20
spikes are fired. So broadly, the question is how to transfer a low-contrast signal us-
ing noisy elements of limited information capacity.

EFFICIENT CODING STRATEGIES

It is well known in the fields of information theory and image processing that a chan-
nel’s capacity to transmit information increases logarithmically with S/N ratio and lin-
early with temporal bandwidth (Shannon and Weaver, 1949; Attick and Redlich, 1992;
van Hateren, 1992; reviewed in Laughlin, 1994). So given a neural channel’s limited
capacity, circuits should use this capacity efficiently by maximizing the S/N ratio, re-
moving redundancy, and subdividing the signal to segment the spatial and temporal
bandwidths.

Center Mechanisms Improve the S/N Ratio. First, wherever possible, a circuit should
reduce accumulated noise before transmitting the signal forward. This prevents noise
from occupying precious channel capacity needed for the signal; it also prevents noise
from being amplified, which would make its removal at a later stage more difficult. To
reduce photon noise and transduction noise, adjacent cone terminals pool their signals
by electrical coupling. This little reduces their amplitudes because signals in adjacent
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cones are similar (“correlated”). However, it strongly attenuates noise because random
fluctuations in adjacent cones are uncorrelated. Consequently, the ratio of signal to
noise improves (Lamb and Simon, 1976). Pooling loses the very finest detail in the op-
tical image (cf. Fig. 6.18B vs. Fig. 6.18C). However, some of what seems to be “fine
detail” in this static image is simply photon fluctuation captured over the brief inte-
gration time of the photographic exposure. Coupling human foveal cones blurs the neu-
ral image less than than the eye blurs the optical image, yet coupling improves the S/N
ratio for middle spatial frequencies by about 77% (DeVries et al., 2002).

Further pooling of cone signals occurs by convergence of cones onto bipolar cells
and bipolar cells onto the ganglion cell (see Fig. 6.16). Thus, the final weighting of
cone signals across the ganglion cell center is the combination of many factors: opti-
cal blur, cone-coupling, cone-to-bipolar-to-ganglion cell convergence, and the domed
distribution of bipolar synapses across the ganglion cell dendritic field (see Fig. 6.16C;
Freed et al., 1992; Kier et al., 1995). The net effect is a Gaussian weighting (Rodieck,
1965; Enroth-Cugell and Robson, 1966; Linsenmeier et al., 1982). This seems to be no
accident but rather occurs to express another computational strategy. Such a dome-like
weighting for summing partially correlated signals optimally improves the beta ganglion
cell S/N ratio compared with a single cone by about 5-fold (Tsukamoto et al., 1990).
As a consequence of all the preceding mechanisms to improve the S/N ratio in the gan-
glion cell, it can detect an optimal center spot when the contrast is less than 1% (Der-
rington and Lennie, 1982; Linsenmeier et al., 1982; Dhingra et al., 2003). This is just
what is needed to transmit the low-contrast features in a natural scene (see Fig. 6.18).

“Surround” Mechanism Reduces Redundancy. The second image-processing strategy
is to strip each cone’s signal of information that is also carried by the neighbors. What
they share, essentially, is the mean intensity across the a small region of the scene (see
Fig. 6.18B). This signal component, being redundant, can be removed without loss of
the essential news that a given cone (or patch of cones) is dimmer or brighter than the
mean. This strategy is executed by horizontal cells: they pool signals from thousands
of cone and effectively measure the local mean; then they subtract it from the cone ter-
minal via the circuit mechansims already noted. By transmitting forward along the
excitatory pathway, only the difference between the local signal and the mean, the pro-
portion of the dynamic range devoted to differences is increased, and this improves the
fineness with which small differences can be transferred.

Note that the ganglion cell surround seems not concerned, as commonly suggested,
with “edge detection” or “image sharpening.” Rather, it reflects a widely used image-
processing strategy, termed predictive coding (Srinivasan et al., 1982). A signal aver-
aged over some region “predicts” a value for the center; then only the difference between
the predicted value and the actual value is propagated. The best theoretical prediction
“weights” the values near the center most strongly because they best predict the cen-
ter value. The theory also suggests that in dim light the surround should become broader
and shallower to get the best prediction, and indeed this occurs in ganglion cells (Der-
rington and Lennie, 1982; Srinivasan et al., 1982; van Hateren, 1993).

There is computational value in giving the surround a precise shape and adjusting it
for different intensities: it gives the optimal “prediction.”” This may explain why there
are two types of horizontal cell with different degrees of coupling and the ability to
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vary it. A large-scale compartmental model shows that when wide-field horizontal cells
alone feed back onto the cone, the surround is too broad and shallow, and when nar-
row-field horizontal cells alone feed back, the surround is too narrow and deep. But
when both feed back, the cone surround has the proper shape (Smith, 1995). Stronger
coupling broadens and flattens the modeled cone surround. This suggests one reason
to reduce dopamine in darkness—to increase horizontal cell coupling and thereby op-
timize predictive coding of an image as it becomes progressively noisier.

Parallel Circuits Expand Dynamic Range and Divide Spatiotemporal Bandwidth. The
third image-processing strategy is to use multiple, paralle] circuits, each specialized for
a different aspect of the image. This permits a given circuit to devote its full channel
capacity to a small component of the original signal and transmit that component ef-
ficiently. The ON and OFF cone bipolar cells provide a good example: predictive cod-
ing at the cone terminals effectively subtracts the background, thus allowing small
signals to fluctuate about a mean of zero (see Fig. 6.18C). Further, circuits that excite
ON bipolar cells carry signals above the mean and circuits that excite OFF bipolar cells
carry signals below the mean, allowing each bipolar group to encode only half of the
total deviation—with a consequent doubling of the dynamic range. This also permits
the corresponding ganglion cells to use high spike rates to signal decrements as well
as increments, which improves their transfer. Predictably, blocking the ON bipolar cir-
cuits with an mGIuR6 agonist reduces behavioral sensitivity to light increments but not
decrements (Schiller et al., 1986).

Beta and alpha cells represent another key example of parallel processing strategy
to achieve efficient coding. The beta cell’s narrow center and fine sampling array ren-
der it sensitive to fine spatial detail at low contrast but insensitive to coarser structure;
thus, the beta cell’s contrast sensitivity declines at low spatial frequencies (Derrington
and Lennie, 1982). The alpha cell fills this gap. Although its broad center and sparse
sampling array render it insensitive to fine stationary detail, these same properties im-
prove its sensitivity to lower spatial frequencies. It is as though the two arrays view
the world through screens of different mesh (see Fig. 6.18C).

And there is another advantage: the alpha cell can do for fine temporal correlations in
the visual scene what the beta cell does for fine spatial correlations. A low-contrast spot
moving rapidly across the cone mosaic adds to each cone only modest numbers of extra
photons. It would be impossible, by examining the output of any single cone, to distin-
guish this signal from photon fluctuation. However, the S/N ratio could be improved by
summing the temporally correlated signals from a sequence of cones. In this case the
most valuable information in the signal is that which is most sharply demarcated in time—
that is, the transient. Furthermore, the larger the region that can be devoted to temporal
averaging, the greater is the sensitivity to high velocity. Thus, both major features of the
alpha cell—its large receptive field center and its transient response—suit it to extend the
range of motion detection beyond what the beta cell can do.

Because a channel’s information capacity depends linearly on temporal bandwidth
and only on the log of the S/N ratio, retinal circuits could transmit more information
by segmenting the temporal bandwidth than by incrementally improving S/N ratio. This
might explain why ON and OFF classes of cone bipolar cell both comprise four dif-
ferent types. Because each bipolar type collects from the same set of cones, they are
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bombarded by synaptic vesicles at the same rate and should have similar S/N ratios.
However, by expressing different ion channels, different glutamate receptors, etc., they
could carry different temporal bandwidths from the cone (Cohen and Sterling, 1990a,b).
Some observations from fish support this (Saito et al., 1985), and studies of OFF bi-
polar cells in ground squirrel confirm it: one morphological type of bipolar cell senses
cone glutamate release with fast-adapting AMPA receptors and responds transiently,
whereas two other types sense the same glutamate with slow-adapting kainate recep-
tors and respond more slowly and sustainedly (DeVries and Schwartz, 1999; DeVries,
2000). Different types of bipolar cell also vary their output, releasing glutamate quanta
of different sizes and at different rates. For example, the transient ON bipolar cell in
cat releases about two quanta/synapse/s to steady illumination, rising 10-fold to a flash,
whereas the sustained ON bipolar cells release up to 50 quanta/synapse/s, and these
quanta are much smaller than those from the transient cell (Freed, 2000a,b). Bipolar
responses may be further shaped by different GABA-mediated conductances at the axon
terminal (Euler and Masland, 2000; Shields et al., 2000; Freed et al., 2003). Finally,
bipolar responses are shaped by intrinsic mechanisms, such as voltage-dependent potas-
sium currents (Hu and Pan, 2002).

Ribbon Synapses Transfer Information at High Rates. When noise has been reduced
by spatial pooling, when redundant information has been stripped by predictive cod-
ing, and when different temporal bandwidths have been assigned to different bipolar
types, there remains another problem: how to transfer signals to the ganglion cell? As-
suming vesicle release to be temporally random (reviewed in Korn and Faber, 1991;
Frerking and Wilson, 1996), a ganglion cell would require many vesicles to signal a
small change within the receptive field center. An alpha cell responds to a spot on the
receptive field center at contrasts as low as 1% (Dhingra et al., 2003). If coding were
accomplished simply by Poisson release, a 1% contrast would require at least 10,000
vesicles over the ganglion cell’s integration time (100 ms). For an alpha ganglion cell
bearing about 1000 bipolar (ribbon) synapses, this would require 100 vesicles/synapse/s.
Smaller beta cells in cat central retina and midget ganglion cells in primate fovea, which
collect 10- to 40-fold fewer synapses, are far noisier and do not respond to such low
contrasts (Lee et al., 1990; Croner and Kaplan, 1995).

Additional Strategies and Circuits Needed to Optimize Signal Transfer. The retina needs
additional strategies (and circuits) to optimize information transfer. For example, one
expects an efficient computational strategy and corresponding circuits for color (Buchs-
baum and Gottschalk, 1983; reviewed in Calkins and Sterling, 1999). Also, there may
be mechanisms to reduce randomness in the timing of transmitter release (Freed et al.,
2003) and mechanisms to generate strong temporal correlations in firing by adjacent
ganglion cells (Meister and Berry, 1999)—both of which could improve coding effi-
ciency. To prevent response saturation, which as noted would reduce efficiency (i.e., lose
information), there needs to be mechanisms to adjust local sensitivity, i.e., mechanisms
for adaptation/gain control. For example, an ON ganglion cell's sensitivity to a steady,
bright stimulus to its center resets downward within about 100 ms (Cleland and Free-
man, 1988). This adaptation occurs in small “subunits” across the ganglion cell center,
so it cannot be due to horizontal cells, whose fields are broader than the center. Possi-
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bly, the subunit represents a bipolar cell that adapts or a narrow-field amacrine cell that
responds focally and feeds back negatively onto the bipolar axon terminal (see Fig. 6.14;
Dong and Werblin, 1998; Roska et al., 1998; Shiells and Falk, 1999).

Beyond adapting to a first-order property, such as intensity, ganglion cells adapt to
second-order properties, such as contrast (Shapley and Victor, 1978; Victor, 1987).
When contrast increases, a ganglion cell adapts by (1) rapidly reducing response sen-
sitivity, (2) shortening integration time, and (3) increasing firing rate. The decreased
sensitivity and shortened integration time persist while high contrast remains, whereas
the increased firing rate declines slowly (over tens of seconds; Smirnakis et-al., 1997;
Chander and Chichilnisky, 2001; Baccus and Meister, 2002). Adaptations of sensitiv-
ity and integration time depend in part on intrinsic properties of bipolar and ganglion
cells (Kim and Rieke, 2001; Rieke, 2001). Contrast adaptation also occurs over dif-
ferent spatial scales: over <1 mm (scale of the classic center-surround) and over sev-
eral millimeters (well beyond classical receptive field; Enroth-Cugell and Jakiela, 1980;
Brown and Masland, 2001). The adapting signal is transferred over several millimeters
by long-range, spiking amacrine cells of the sort shown in Fig. 6.9 (Cook et al., 1998;
Demb et al., 1999).

These different expressions of contrast adaptation may serve slightly different func-
tions (Demb, 2002). Shorter integration time reduces sensitivity to low temporal fre-
quencies, which contain partially redundant components of the visual scene that can
be eliminated when the signal is strong. Lower sensitivity avoids response saturation.
Rapidly increasing spike rate usefully signals the new (high contrast) environment, but
prolonging the high spike rate is expensive metabolically (Attwell and Laughlin, 2001).
Thus, the subsequent slow reduction in spike rate would conserve energy.

Another strategy to improve signal transfer is “nonlinear spatial summation,” the sig-
nature property of alpha (Y) cells (Enroth-Cugell and Robson, 1966; Hochstein and
Shapley, 1976a,b; Victor et al., 1977). An alpha cell can be excited by a small spot of
appropriate contrast (i.e., bright for an ON cell) placed anywhere in the receptive field
center, and because spatial summation is nonlinear, the response is not “vetoed” by a
similar spot of opposite contrast elsewhere in the receptive field. This renders the cell
sensitive to small objects and fine patterns (i.e., high spatial frequencies) and also to
“second-order” motion defined by spatiotemporal changes in contrast on a fine scale
(Baker, 1999; Demb et al., 2001b). Nonlinear summation occurs because transmitter
release from bipolar cells onto an alpha cell is rectified; i.e., release can increase above
a basal level more than it can decrease below that level (Demb et al., 2001a; Fig. 6.19).
Nonlinear responses can be evoked from the far periphery of the receptive field where
they are driven by spiking amacrine cells (Mcllwain, 1964, 1966; Derrington et al.,
1979; Demb et al., 1999).

CIRCUITS FOR DAYLIGHT, TWILIGHT, AND STARLIGHT

Over the course of the day, intensity shifts by ten billion-fold, but a ganglion cell’s
spike rate can vary only by 100-fold (Sakmann and Creutzfeldt, 1969). To cover the
huge intensity range, two fundamentally different circuits are required: a cone bipolar
circuit for graded photoreceptor signals (see Fig. 6.15) and a rod bipolar circuit for bi-
nary signals (Fig. 6.20). By using gap junctions as neural switches, the two circuits
can share key components (Fig. 6.21).
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Fig. 6.19. Nonlinear subunits in the Y cell receptive field. A: A fine grating (=2100 micron bars)
reversed contrast over the receptive field center and near surround (left) or over the far surround
(right). At each reversal, a Y-type (alpha) ganglion cell fired a burst of spikes. The burst to the
peripheral grating was slightly delayed relative to the burst to the central grating. [Data from
Demb et al., 2001a.] B: Control traces show the membrane potential (spikes clipped; same cell
as jn A). At each reversal, the central grating caused a tonic hyperpolarization plus transient de-
polarizations; whereas the peripheral grating caused a transient hyperpolarization followed by a
depolarization. When the spikes were blocked with bath-applied tetrodotoxin, the response to
the central grating was little affected, but the response to the peripheral grating was abolished.
This implies that the peripheral response is driven by an amacrine cell that fires TTX-sensitive
spikes. (Dashed line indicates resting potential to a gray field of mean luminance.) C: Circuit
diagram to explain the response to a central contrast-reversing grating. A cone responds linearly
(equal but opposite responses to a dark and light bar); whereas a bipolar responds nonlinearly
(large depolarization to a dark bar and small hyperpolarization to a light bar). A ganglion cell
that sums the output of two bipolar cells, responding out-of-phase, generates a frequency-dou-
bled response. This model ganglion cell response approximates the voltage response in B. Some
of the nonlinearity in the bipolar cell may arise in the cone response. {Hennig et al., 2002.]

Daylight, of course, activates the cone bipolar circuit, whose key features for effi-
ciently transferring graded signals will be recalled: coupling of cone terminals (reduce
noise), negative feedback (reduce redundancy), and multiple ribbon synapses at both
synaptic stages (high vesicle rates encode finely graded signals). At twilight, when am-
bient light intensity falls below cone threshold (100 photons cone ™! integration time ™ 1),
this circuit fails. However, rods are now desaturating. Because there are 20 rods per
cone and because a rod integrates for about 6-fold longer, signals are available from
12,000 photons transduced by rods. The 40 rod terminals immediately surrounding each
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Fig. 6.20. A: Faint image of a baboon in starlight painted by photons in “pointillist” fashion.
Probability of each pixel receiving a photon was governed by poisson distribution whose mean
corresponded roughly to the intensities used by Field and Rieke (2002). B: Single-photon event
in a rod (mouse) rises clearly above the continuous noise (arrows) only when it is considerably
larger than average. Same event in the rod bipolar is faster with much improved signal-to-noise.
Dotted trace represents flash timing. C: Left: rod bipolar cell collects chemical synapses from
20 rods and cone bipolar cell from only a few rods. However, each rod probably pools signals
from neighboring rods via gap junctions. Middle: Response amplitudes normalized for flash in-
tensity. Cone bipolar response doubles for twice the intensity, but rod bipolar response more than
doubles. Right: Input/output curve for cone bipolar is essentially linear, but for rod bipolar it is
clearly nonlinear. [Image, courtesy of A. Hsu and R. Smith; neurons, reprinted from Tsukamoto
et al., 2001; responses replotted from Field and Rieke, 2002.]

cone terminal couple to it via gap junctions and thus inject this graded signal to be car-
ried forward by the cone bipolar circuit (Kolb, 1977; Nelson, 1977; Smith et al., 1986;
Sterling et al., 1988; DeVries and Baylor, 1995; Schneeweis and Schnapf, 1995).
When ambient intensity falls to one photon/rod/integration time, photons are spread
too thinly to provide a graded signal. Thus, the cone bipolar circuit is not needed and,
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Fig. 6.21. To convey the full range of environmental intensities efficiently (i.e., minimizing neu-
ral noise and retinal thickness) requires three different circuits that partially overlap, plus three
sets of gap junctions ({~~)) to switch between them. In daylight, cone signals are graded and
thus require many ribbon synapses for transfer (both at OPL and IPL). In twilight, rod signals
are graded and thus also require many ribbon synapses. Rods obtain access to these by turning
on their gap junctions to cone terminals, in effect “parasitizing” the multiple ribbon synapses
available at both stages of the cone bipolar circuit. In starlight, rod signals are binary and thus
require only one ribbon synapse (see Fig. 6.13). The single-photon response cannot transfer via
coupling to the cone terminal because the many rods lacking a photon add too much noise. There-
fore, the rod-cone junction turns off, and the binary signal transfers via the rod’s single ribbon
synapse to the rod bipolar cell. The latter’s response will be coarsely graded over some part of
the intensity range (due to rod convergence) and thus will require multiple ribbon synapses—
which are present in the rod bipolar terminal. The All cell’s response will be more finely graded
(due to rod bipolar convergence) and thus will require yet more ribbon synapses. The All cell
obtains access to these by turning on its gap junctions with cone bipolar terminals. Coupling the
All cells, indirectly via the cone bipolar terminals and also directly via AII-All junctions, spreads
current widely enough to enlarge the ganglion cell’s summation area well beyond its dendritic
tree. This improves the signal/noise ratio in very dim light but would degrade acuity in brighter
light. Therefore, both sets of junction are regulated and presumably uncouple in twilight and
daylight. See text.

worse, the coupling of many receptors that lack photons to one rod that does capture
a photon would inject continuous “dark noise” from the transduction cascade. Noise
in this rod would increase by the square root of the number of noisy rods coupled to
it (i.e., =6-fold), and this would obliterate its single Rh* response. To protect the Rh*
response from noise and to preserve its amplitude, the rod-cone gap junctions should
uncouple at very low intensities and switch over to the rod bipolar circuit (Smith et al.,
1986). Although rod-cone uncoupling has not been demonstrated directly, two rod path-
ways have been demonstrated psychophysically: a fast one for middle intensities (twi-
light) and a slower one for lowest intensities (starlight). Because their intensity ranges
overlap for certain rates of a flickering stimulus, they can be made to cancel (Stock-
man et al,, 1995). Presumably these pathways correspond, respectively, to the rod-
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driven cone bipolar circuit and the rod bipolar circuit (see Fig. 6.21; reviewed in Sharpe
and Stockman, 1999; Bloomfield and Dacheux, 2001).

The starlight circuit’s first task is to transfer a binary signal: 0 or 1 Rh*. “0” is rep-
resented by tonic vesicle release from the rod’s single ribbon synapse, and “1” is rep-
resented by a pause in release. However, assuming release is temporally random, some
extra-long intervals between quanta will occur that the bipolar cell might “mistake” for
a pause. The release rate should be high enough to prevent this source of spurious
single-photon signals. A model of the circuit suggests that 50-100 vesicles/s might be
sufficient (Rao et al.,, 1994b; van Rossum and Smith, 1998). This roughly fits mea-
sured rates for ribbon synapses (as noted earlier) and suggests why the rod bipolar cir-
cuit requires only one ribbon synapse at the first stage.

However, at the next stage, 20 to 120 rods converge on a rod bipolar cell, and this
exposes another problem for processing starlight signals. Only one of these rods is
likely to carry an Rh* response, but the others will carry noise, which, if transferred
to the rod bipolar cell, would increase its noise (again, as the square root of the
convergence)—and swamp the single Rh* response in the bipolar cell. To prevent this,
the rod synapse acts nonlinearly, amplifying large signals more than small ones (see
Fig. 6.20). This removes the small, noisy events by thresholding (van Rossum and
Smith, 1998; Field and Rieke, 2002). But the Rh* events in a rod vary in amplitude,
many hardly rising above the noise. Thresholding removes the noise but also these
small photon signals, a process that has been vividly termed “throwing out the smaller
babies with the bath” (Wilson, 2002). You might think that discarding photon events
in dim light would be a bad strategy. But because small events are much more likely
to be noise than photons, it actually proves to be an excellent computational bet, im-
proving S/N by more than 350-fold (Field and Rieke, 2002)! At higher intensities,
where every rod captures at least one photon, linear amplification is a better bet, and
indeed a direct pathway from rods to OFF bipolar cells acts linearly (Soucy et al., 1998;
Hack et al., 1999; Tsukamoto et al., 2001; Field and Rieke, 2002).

At all except the lowest intensities, the rod bipolar cell’s large convergence gives it,
not a binary signal, but a coarsely graded one. Consistent with this, instead of using
one ribbon (as at the rod output), the rod bipolar axon uses 30 ribbon synapses at its
output (Sterling et al., 1988). The All cell collecting from about 30 rod bipolar cells
needs to transfer a more finely graded signal, and for this it couples electrically to cone
bipolar terminals that contribute 150~2000 synapses to a ganglion cell. Thus, the over-
all pattern of the rod bipolar circuit is a stepwise expansion in number of ribbon synapses
to match the stepwise increase in signal pooling. The rod bipolar circuit’s “parasitic”
use of the cone bipolar terminals as final input to ganglion cells saves space, which,
in a tissue constrained to be thin (=250 um), is at a premium.

Tuning the Circuits. Rod circuits, like the cone circuit, are also tuned for efficiency at
different intensities by modulated coupling (reviewed in Sterling, 1995; Demb and
Pugh, 2002). In twilight, to preserve spatial acuity, ganglion cell receptive field cen-
ters should be narrow. But if cone bipolar axons were coupled to AlI cells, cone sig-
nals would -spread laterally in the AIIl network and degrade spatial acuity (Sterling,
1983). Therefore, the cone bipolar—All junctions might remain uncoupled until starlight,
when the noisy optical image can be transmitted most efficiently by expanding the gan-
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glion cell center (Barlow et al., 1957). Indeed, All-cone bipolar junctions do uncouple
when cGMP rises within the bipolar cell in response to nitric oxide production (Mills
and Massey, 1995), and this mechanism may serve the transition to starlight intensi-
ties. Also in starlight, as noted, rods should uncouple from cones, but whether they do
is not established (Schneeweis and Schnapf, 1999).

Finally, in starlight, the AII-AII junctions should couple, but to a variable degree.
This coupling reduces noise by signal averaging, and also interacts with the AII cell’s
voltage-sensitive mechanism (Nelson, 1982; Boos et al., 1993; Veruki and Hartveit,
2002). This mechanism, by “thresholding,” may remove noise that would otherwise
swamp the Rh* signals when 30 rod bipolar cells converge on an AIl cell (Freed et al.,
1987; Smith and Vardi, 1995). However, it could also spread spurious spikes through
the AIIl network. A computational model suggests that by matching coupling to the
noise level (which shifts with light intensity), the circuit can maximize thresholding
and minimize spurious spiking (Smith and Vardi, 1995). Dopaminergic synapses on
the AIl soma (Pourcho, 1982; Voight and Wiissle, 1987) uncouple AII-AII junctions
(Hampson et al., 1992), and because retinal dopamine declines in darkness, AII coup-
ling should rise. Of course, once neuromodulators of coupling are identified, such as
NO and dopamine, the question arises: What signals and effectors modulate the mod-
ulators? These are concerns for the future.

CONCLUDING REMARKS

We have noted that once photons are transduced, most of their information reaches the
brain. Retinal circuits achieve this astonishing efficiency in part by finely dividing re-
sponsibility. Thus, we have distinguished circuits that (/) divide the dynamic range
around the local mean intensity (ON and OFF), (2) divide the spatiotemporal band-
width (beta vs. alpha, P vs. M), (3) divide the color spectrum (blue-yellow,' red-green),
and (4) divide vast diurnal shifts in intensity (cone bipolar vs. rod bipolar). Also key
to efficient forward transfer are the ribbon synapses that can fuse vesicles and reload
at very high rates, and also contributing are various linear mechanisms that reduce noise
at each stage of summation by spatial averaging and optimal weighting.

Several nonlinear mechanisms were noted: “thresholding” for the single Rh* signal
at the rod output (Field and Rieke, 2002); thresholding of the multi-Rh* signal by the
AlI cell (Smith and Vardi, 1995); rectification by the cone bipolar cells, which pro-
duces “nonlinear subunits”; and mechanisms for fast and slower “contrast gain con-
trol” (reviewed in Demb, 2002). Intuitively, nonlinear mechanisms should involve
amacrine cells—with their many different types, their rich possibilities for chemical
signaling, and their spiking behavior. So far we know little about amacrine synaptic
circuits between cells or about their second-messenger circuits within cells. These are
puzzles for the future. However, rapid technical advances in unraveling the retina’s syn-
aptic organization, new methods for in vitro recording, and molecular biology lead one
to think that the future is near.
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