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Abstract
Their unique patterns of size, numbers, and stratification indicate that amacrine cells have diverse
functions. These are mostly unknown, as studies using imaging and electrophysiological methods
have only recently begun. However, some of the events that occur within the amacrine cell
population—and some important unresolved puzzles—can be stated purely from structural
reasoning.
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Introduction
When the extreme diversity of amacrine cells was first learned, the often asked question
was: why is it necessary to have so many types of amacrine cells? During the subsequent
decade, answers for a few types of amacrines have been revealed. Among other things, the
coding properties of retinal ganglion cells turn out to be subtler than had been imagined, and
in some cases, this can be traced to particular types of amacrine cells (reviews: Gollisch &
Meister, 2010; Masland, 2011; Werblin, 2011).

The more general answer, though, is that there are lots of types of amacrine cell because
there are lots of types of ganglion cell. In round numbers, if there were 15 different
functional types of ganglion cell and 30 types of amacrine cell, this would be a ratio of 2
amacrine cells per ganglion cell type—not a surprising number for a dedicated microcircuit
of the central nervous system. We will return to these numbers at the end. I will start by
discussing some generalizations about amacrine function, focusing in particular on
functional principles that can be derived from the shapes, numbers, and sizes of the various
amacrine cell populations. The aim here was to consider amacrine cells as a total population,
and I will rely on the surveys by MacNeil and her colleagues (MacNeil & Masland, 1998;
MacNeil et al., 1999), which combined photofilling of amacrine cells, as a sampling method,
with three-dimensional imaging of cells previously Golgi stained by Elio Raviola and John
Heussy. This was done for the retina of the rabbit and has limits that have been discussed
elsewhere (Masland, 2011), but until a next generation survey is available (Briggman &
Denk, 2006; Anderson et al., 2011; Helmstaedter et al., 2011), it remains a useful starting
point.
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Some unsolved questions of amacrine cell function
In this discussion, I will focus on the contributions of amacrine cells to the receptive fields
of ganglion cells, because the relative dimensions of the amacrine and ganglion cells define
inescapable features of their interactions. For communications between amacrine cells and
bipolar cells or other amacrine cells, such guidance is not available and fewer
generalizations are possible. Some individual cases are discussed in detail elsewhere (Demb
& Singer, 2012; Taylor, 2012).

For convenience, amacrine cells will be divided into wide field, medium field, and narrow
field. In the rabbit retina, there is a tight cluster of cells with dendritic fields at 172 ± 5 μm
diameter (Fig. 1) and a distinctly different group with processes in excess of 1 mm. It would
not be surprising if these turn out to be no more than easily noticed clusters on a continuum
of dendritic field diameter, but the division by size is useful because dendritic field spread is
an important determinant of a cell’s function in visual processing.

Almost all amacrine cells communicate among several strata of the inner plexiform layer
The starburst cell, one of the most famous amacrines, is narrowly stratified, but this is not
the case for the majority of amacrine cells. Communication among levels is most striking for
narrow-field amacrines, of which only 2 of the 13 narrow-field types found by MacNeil et
al. (1999) were restricted to branching in narrow strata. It has been termed “vertical
integration,” to contrast with lateral integration, as in center–surround antagonism. More
specific formulations have recently been proposed. For example, crossover inhibition has
been proposed as a linearizing mechanism for ganglion cell responses (Molnar et al., 2009;
Werblin, 2010).

An interesting twist on the multistratification of narrow-field amacrine cells is that gap
junctions in principle allow them to be excitatory in one place and inhibitory in another.
Most if not all amacrine cells release GABA or glycine, inhibitory neurotransmitters.
However, many amacrine cells are coupled by gap junctions to retinal ganglion cells or other
amacrines. If these gap junctions conduct enough charge to affect neighboring neurons, they
would allow the amacrine cell to be excitatory at some contacts and inhibitory at others,
since a gap junction is a sign-conserving synapse. This clearly happens for amacrine AII,
which has large conventional gap junctions. The role of the small contacts that allow
neurobiotin flow(down an infinite concentration gradient) but may not allow much current
flow remains to be learned. It must be remembered that the receptive fields of most ganglion
cells have about the same spatial extent as their dendritic field, (Peichl & Wässle, 1983;
Yang & Masland, 1994) despite the cell being dye coupled to a wide spatial extent of other
retinal neurons; this suggests that the effect of the gap junctions is a subtle one, as in the
creation of cross correlations between ganglion cell firings. Since some of these junctions
are between cells of differing functional types, however, this is clearly not the whole story
(see Vaney, 2002).

Less widely appreciated than for narrow-field amacrine cells, another source of vertical
communication is for medium-field cells—in the rabbit, the group of five amacrine cell
types with dendritic spread around 175 μm(Fig. 1). An example is the fountain cell
(MacNeil et al., 1999; Wright & Vaney, 2000). The medium-field cells are problematic in
other ways as well (see below), and it is hard to imagine what a cell of this degree of spread
is doing in its vertical communication. Even A17, a wide-field cell that plainly does most of
its work at feedback synapses with the rod bipolar terminal, receives noticeable amacrine
cell input where its dendrites slope across the inner plexiform layer (IPL) to reach the layer
4/5 boundary. The feedback synapse between A17 and the rod bipolar terminal appears to be
functionally isolated from the rest of the cell; its geometry would be well suited to such
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isolation, as the fat swelling where the synapses reside is separated from the main trunk of
the amacrine cell by a hyper-thin (0.2 μm) stalk, and there is now direct physiological
evidence that this is the case (Ellias & Stevens, 1980; Sandell et al., 1989; Grimes et al.,
2010). If so, what is the purpose of the inputs that occur not on the layer 5 swellings but
directly upon the more proximal dendrites, which stretch vertically across all strata of the
IPL? One possibility is that these control the gain of the whole cell, allowing for
simultaneous modulation of all the local feedback synapses at once.

Finally, and unexpectedly, some of the other wide-field amacrine cells communicate
between layers (Fig. 2). At one time, we and others believed that wide-field cells were
invariably monostratified. However, more recent studies in the mouse, where the IPL is
thick and genetically marked cells are available, show that this not always the case. Good
examples exist among the polyaxonal cells, initially described in the rabbit and monkey
(Vaney et al., 1988; Dacey, 1989; Famiglietti, 1992a,b,c) and present in abundance in the
mouse (Badea & Nathans, 2004; Lin & Masland, 2006). The polyaxonal cells have separate
axonal and dendritic arbors. Often the dendritic arbor is narrower than the axonal one, so
that they receive input in a relatively narrow central zone but radiate output for wider
distances across the retina (Völgyi et al., 2001). In general, the dendritic arbor is narrowly
stratified and the axonal arbor is also narrowly stratified. What this means is that the cells
receive input from a very specific functional type (at most a few types) of bipolar cell and
radiate their output to a very specific type (at most a few types) of retinal ganglion or
amacrine cell (Fig. 2B). In those cases where both arbors lie within the same stratum, the
interactions mediated by the wide-field cell should occur between functionally related
neurons since functionally similar neurons participate in each IPL stratum. However, in
those cases where the cells are multistratified, more complex connectivity is indicated (Fig.
3). A hypothetical example: a polyaxonal cell might receive synaptic input only from an
OFF-transient bipolar cell and send its outputs specifically to the local edge detecting type
of ganglion cell. Since the amacrine cell is believed to be GABAergic, this would create a
very wide OFF-transient inhibitory field, but only for that specific type of ganglion cell.

Amacrine cells create functional subunits within the receptive fields of many ganglion
cells

The term “local subunit” was coined by Barlow and Levick (1965) to capture the
experimental finding that the ON–OFF directionally selective (DS) ganglion cell of the
rabbit retains its ability to detect the direction of movement for stimuli much smaller than
the whole extent of the receptive field. In their description, the DS cell can detect a 50-μm
movement of a 50-μm diameter spot, no matter where the spot lies within the much wider
receptive field. This is now known to be mediated by the overlapping sectors of the starburst
amacrine cell and is the reason for the apparent redundancy of that cell’s coverage of the
retina (Masland et al., 1984; Vaney, 1991; Euler et al., 2002; Fried et al., 2005).

But local subunits exist within the receptive fields of other types of ganglion cell, the best
studied being the Y cell of the cat and the parasol cell of the monkey. For these cells, the
classic evidence is (a) their sensitivity to small stimuli moved within the receptive field and
(b) the fact that they can be driven by counterphased gratings finer than the overall size of
the receptive field (Soodak et al., 1991). The physiology of many other types of medium-
and large-field ganglion cells remains unexplored, but physical geometry alone shows that
such subunits must exist for many of them as well. This is illustrated, for a generic medium-
sized ganglion cell of the rabbit, in Fig. 3. What these subunits contribute to visual signaling
is entirely unknown.
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New contextual effects remain to be discovered
A variety of contextual effects have been described—contextual here defined as effects on
the behavior of a ganglion cell from outside the boundaries of its classical receptive field.
Simple long-range interactions were described long ago (Levick et al., 1965), and modern
studies describe functions of increasing subtlety. A prototype is the segregation of relative
image movement from movement of the whole visual input, apparently a way to distinguish
real movement of an object from the whole image movement caused by the eye’s resting
tremor (Chiao & Masland, 2003; Olveczky et al., 2003). A similar mechanism appears to
cause saccadic suppression—it depresses the firing of some ganglion cells during rapid
shifts of the whole visual image (Roska & Werblin, 2003).

Saccadic suppression was seen for some types of ganglion cells and not others, but for most
of the contextual effects the definition of which types of ganglion cells participate is
incomplete at best. It was noted, for example, that selectivity for object motion may be a
special feature of a few of the parallel pathways that convey retinal output to the brain, but
the identities of these pathways were not learned (Olveczky et al., 2003). The primary
reason is that there is no agreed upon classification of the physiological types of retinal
ganglion cell nor is it possible to distinguish many of the types using checkerboard
stimulation. The principles of IPL organization indicate that very specific types of cell are
probably involved—this is inevitable given the specificity of lamination of wide-field
amacrines described above and the plethora of wide-field amacrine cells. It seems quite
possible that all ganglion cells participate in long-range, contextual, interactions—even that
individual ganglion cells participate in more than one such interaction. The long-range
interactions discovered thus far were found in response to test conditions that are intuitively
easy to grasp—saccadic suppression has been known for a long time from perceptual
experiments. The plethora of wide-field amacrines suggests that other, less obvious and
more cell-type specific, interactions may exist.

Medium-field amacrine cells pose a particular conceptual difficulty
The puzzle derives from comparing the size of their dendritic fields, on average ~175 μm in
the rabbit, with the size of the receptive fields of the retinal ganglion cells (Rockhill et al.,
2002). What function could these amacrine cells serve for ganglion cells, which average
roughly 250 μm in dendritic field diameter and thus have similarly sized receptive fields?
The problem is that these medium-field amacrine cells are too large to create local subunits
within the dendritic field but too narrow to carry out the contextual functions mediated by
the wide-field amacrine cells. Because the medium-field cells must overlap with the
dendritic field boundaries of the ganglion cells, they would seem inevitably to degrade the
sharpness of the receptive fields of the ganglion cells. It does not matter whether their action
is in aggregate excitatory or inhibitory nor whether they influence only ganglion cells or
bipolar and amacrine as well: one imagines them creating a “scalloped” edge to the
receptive field of the ganglion cell (Fig. 3).

An easy way out is to postulate that sectors of the dendritic arbor are electronically isolated.
That is evidently the case for some wide-field cells—the starburst amacrine cells and A17.
But the medium-field cells are much smaller than those two and have less finely branched
dendritic arbors, both features that would make electrotonic isolation harder. In contrast to
the starburst cells, also, is that the medium-field cells busily communicate among the retinal
layers, again suggesting some sort of a different function. Perhaps electrotonic isolation is in
fact the case—the cells could carry out some sort of up and down function in local patches,
but their geometry suggests a more specialized function, as yet unimagined.

MASLAND Page 4

Vis Neurosci. Author manuscript; available in PMC 2013 May 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Amacrine cells probably carry out undiscovered paracrine functions
The famous example is of course the dopaminergic cells, studied in precise detail by Raviola
and others (Gustincich et al., 1999; Contini & Raviola, 2003; Dorenbos et al., 2007;
Hirasawa et al., 2009). These widely spreading amacrines: (1) carry out diffuse release of
dopamine, (2) simultaneously carry out traditional synaptic release, (3) are dual
neurotransmitter neurons, releasing both dopamine and GABA, and (4) modulate the activity
of many retinal neurons during light and dark adaptation. The spatial extent of the paracrine
effects is remarkably broad, extending even to triggering the migration of melanin in the
cells of the retinal pigment epithelium (Burnside, 2001).

There are strong hints of other such functions by other amacrine cells. A possible one is the
still mysterious function of acetylcholine in the starburst amacrine cells. These are
GABAergic neurons and GABA does the work of creating null direction inhibition in the
DS ganglion cells. Although it was the presence of acetylcholine that first pointed out the
existence of the starburst cells and allowed their identification (Masland & Mills, 1979), the
function of acetylcholine is not understood. It potentiates the response to movement in all
directions, suggesting that it is released by a mechanism distinct from that of GABA (Chiao
& Masland, 2003). And there have always been odd features of acetylcholine release. The
first is that it is only partly Ca++ dependent (Masland & Cassidy, 1987). Eliminating Ca++

blocks light-evoked acetylcholine release but reduces the resting release by only one third.
This is reminiscent of the “acetylcholine leak” demonstrated in classic studies of the
superior cervical ganglion—a release that is actually greater than the traditional
conventionally mediated release (Phyllis, 2005). Another odd feature is that both
acetylcholinesterase and acetylcholine receptors are more widely distributed across the IPL
than the synapses of the starburst cells (Keyser et al., 2000). Both these things suggest that
there is some level of diffuse release of acetylcholine.

There is also much evidence for the release of nitric oxide by some retinal neurons, again a
substance that would diffuse throughout the retina with widespread modulatory effects
(Vaney, 2004; Hoffpauir et al., 2006; Wilson et al., 2011). New diffusible neuroactive
substances continue to be discovered, and it would not be surprising if other amacrine cells
participate in this type of signaling. The control of sensitivity (dark adaptation) is unlikely to
be the sole function of these cells.

The synaptic complexes of the IPL remain a daunting challenge
In their pioneering study of the IPL, Dowling and Boycott (1966) described an array of
complex synaptic arrangements, including chain (serial) synapses among amacrine cells.
The implications are hard to grasp and these descriptions have been largely ignored for the
last 40 years. However, the facts remain as described. A recent example is the circuitry of
the ON–OFF DS cell (Dacheux et al., 2003). The starburst cells synapse upon the DS cells
within the starburst fascicles, which contain the dendrites of several starbursts and at least
one ON–OFF DS cell. There, the starburst amacrines synapse upon the dendrites of the DS
cells, but they also synapse on each other, forming chains of synapses. A more general study
of these local arrangements revealed complexity that is, if anything, even greater than seen
by Dowling and Boycott (1966) and offered a conceptual framework for their classification
(Marc & Liu, 2000). One of these arrangements is shown in Fig. 4. Perhaps the next step, at
least for the narrow-field cells, is reconstruction by connectomic strategies, which would
allow linking of the local synaptic complexes to their parent cell types (Briggman & Denk,
2006; Anderson et al., 2011; Helmstaedter et al., 2011).
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Amacrine cell diversity is related to ganglion cell diversity
How many types of amacrine cells will ultimately be found? The issue depends substantially
on the number of ganglion cells, and counting both cell types suffers from some of the same
difficulties. Wässle and colleagues defined two anatomical types of retinal ganglion cell,
termed α and β, in the retina of the cat. These were shown to represent the physiological X
and Y cells, the pioneering demonstration of morphological–physiological correspondence
(Cleland et al., 1975; Peichl & Wässle, 1981). But these experimenters also noted the
existence of a large number of other cell types—approximately 40% of all retinal ganglion
cells in the mid-peripheral retina.

Later investigators have struggled to define the remaining ganglion cell types (O’Brien et
al., 2002; Dacey, 2004). The first explicit attempt at a complete catalogue using modern
cell-filling methods was Rockhill et al. (2002) in the rabbit retina. They identified 11 cell
types but noted a group of medium-field ganglion cells that they were unable to classify.
Five groups have attempted exhaustive ganglion cell classification in the mouse retina—
more difficult because retinal ganglion cells in the mouse are less distinctive
morphologically than those of the rabbit, cat, or monkey. Sun et al. (2002) used biolistic
filling of the cells and traditional subjective classification methods. Badea and Nathans
(2004), Kong et al. (2005), and Coombs et al. (2006) used a variety of cell-filling techniques
followed by cluster analysis. Völgyi et al. (2009) defined cell types on the basis of tracer
coupling. There were two encouraging results: (1) Many cell types—certainly the majority
of all ganglion cells—were identified in most studies. For example, all groups identified a
very small bushy ganglion cell usually termed “cluster 1.” (2) There was rough agreement
on certain features of the population as a whole, specifically, that the number of cells
exceeds a dozen. Unfortunately, an unequivocal division into types did not occur. The
number of putative cell types was 19, 11, 12, 14, and 22 in the respective studies.

For both ganglion and amacrine cells, one should remember that wide-field cell types are
hard to discover because of their small numbers. It does not take many wide-field cells to
cover the retina, so that a small absolute number of ganglion cells can create a large number
of true—that is, functionally distinct—types. In addition, the estimated number of types, of
both ganglion and amacrine cells, is affected by unspoken criteria. How should one count
similar cells that carry out variants of a single function? Should the ON–OFF DS cell be
treated as one type or four, since each responds best to one of four cardinal directions? The
same ambiguity exists for ON DS cells (three directions) and the melanopsin cells, which
are all intrinsically sensitive to light but came in five varieties with slight structural
variations. In aggregate, then, these cell groupings can be treated as 3 or 12 cell types. A
similar confusion exists for the polyaxonal amacrine cells. As noted earlier, these have at
least 10 different stratification patterns in the mouse (Fig. 2). They could be considered to be
doing a single task and thus be treated as a single amacrine cell type: collecting input from a
central zone and sending a wave of inhibition outward to the other cells of the inner nuclear
layer. At a finer granularity, however, which particular groups of cells communicate in this
way—which set of bipolar inputs initiates inhibition of which other retinal neurons—begins
to matter. This is reflected in the obviously different stratification of different wide-field
amacrine cells. If this form of specialized connectivity is taken to define a type, then each of
the >10 polyaxonal cells in the mouse would be counted as a separate cell “type.”

Thus, it is possible that the number of ganglion cell types is near 12, and it is also possible
that the number is near 30, depending on the number of as-yet-undiscovered cells and how
the counting is done. At a hypothetical ratio of two amacrine cells per ganglion cell, the
number of amacrine cell types would then range from 24 to 60. The encouraging news is
that one can now see the way to a definitive answer, which would be one in which the total
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populations of ganglion and amacrine cells could be accounted for quantitatively by the sum
of the individual cells of that class, as now appears to have been accomplished for bipolar
cells (Jeon et al., 1998; Wässle et al., 2009). At that point the list of cells would be specific,
and the question of “what is a type” could be returned, without regret, to the philosophers.
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Fig. 1.
Narrow- and medium-field amacrine cells. The icons represent the levels of stratification of
the different amacrine cell types within the IPL and roughly show their spread. Details of the
dendrites are represented only when they are a particularly striking feature of the type. For a
sense of scale, note that the dendritic field diameters of all of the medium-field cells are near
175 μm. Adapted from Masland (2001).
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Fig. 2.
(A) Polyaxonal amacrine cells of the mouse retina. Dendrites are represented in red and
axons in blue. Note that these cells are present in most layers of the IPL, and that some have
axons and dendrites in different layers. It is not known whether this is an exhaustive list or
whether more polyaxonal cells remain to be discovered. These cells were first well
described in the retina of the rabbit (Vaney et al., 1988; Famiglietti, 1992a,b,c). Lin and
Masland (2006) surveyed GFP-M retinas (Feng et al., 2000) for the presence of long-range
amacrine cells. Badea and Nathans (2004) and Gustincich et al. (1997) used different
genetically based strategies and their results are included here. No standard nomenclature
exists; for details, see the original publications. The lateral spread of the processes is not
represented, except to indicate that the spread of the dendritic arbor in these cells is narrower
than the spread of the axonal arbor. (B) Polyaxonal cells transmit information from one or a
few types of bipolar and amacrine cells to specific other groups of cells, here illustrated for
one type of bipolar cell and one type of ganglion cell. This is shown by both the laminar
structure of the polyaxonal cells, and the fact that their physiological effects are restricted to
subsets of ganglion cells (Olveczky et al., 2003; Roska & Werblin, 2003).
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Fig. 3.
The relative sizes of amacrine cells and ganglion cells. This is a whole-mount view, with the
boundaries of the dendritic fields outlined. A ganglion cell of roughly average dendritic field
diameter (250 μm) for the rabbit is shown by the large dark outline. A mosaic of narrow-
field (left) or wide-field (right) amacrine cells is shown in white. Many narrow-field
amacrine cells are present within the dendritic field of this ganglion cell; they must create
some sort of a functional subunit within the receptive field, but this functionality has been
little explored. In contrast, medium-field amacrine cells have a confusing overlap with the
dendritic field of the ganglion cell; it is not obvious how the activities of these two cells can
be spatially integrated.
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Fig. 4.
One of the many possible consequences of synapses among bipolar, amacrine, and ganglion
cells. The one shown here was termed “nested feedforward inhibition” by Marc and Liu
(2000), who pointed out that several such logics are possible. Reproduced by permission
from the Journal of Comparative Neurology.

MASLAND Page 13

Vis Neurosci. Author manuscript; available in PMC 2013 May 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


