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Fig. 3. Certain displaced amacrine cells express GADgs. (A) Nucleic acid stain shows all the neuron somas in the ganglion cell layer.
About half are amacrine cells (see Fig 1B). (B) Of 22 displaced cells, nine were GADgs-positive (arrows). (C) Displaced GADgs cells
(arrows) were negative for ChAT, and ChAT cells (arrowheads) were negative for GADgs.

Fig. 4. DA1: Medium dendritic field stratifies narrowly at ~80%. Upper, tracings from fluorescent images. Lower, fluorescent image
of a different cell. In this and subsequent figure the schematic drawings illustrate stratification level and omit the distal dendritic
segments
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Fig. 5. DA2: Medium dendritic field stratifies at ~95%; Upper, tracings; lower, fluorescent image of a different cell.

DA3 (n=12)

-

Fig. 6. DA3: Medium dendritic field stratifies at 90 and 10%. Upper and lower arbors express different morphology: upper dendrites

are markedly varicose (arrows, lower left); whereas lower dendrites are thick and spiny (arrows, lower right). Upper, tracings; lower,
fluorescent images of upper right cell.
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Fig. 7. DA4: Medium dendritic field stratifies at 70%. DAS5: Medium dendritic field stratifies diffusely between ~50 and 90%. DAG6:

Wide dendritic field stratifies narrowly at ~80%.

DA7 was a “long-range” cell (West, 1976). The soma pro-
duced one primary process that ascended to ~30% where it
branched into local dendrites and several long, straight axons
that extended for a millimeter or more (Fig. 8). DA8 was
wide-field with dendrites stratified at 30~40% and spanned
about 900 um (Fig. 9). DA9 stratified at 5% (Fig. 10). DA10
was a narrow-field cell, arborizing at 45% and spanned less than
100 pwm (Fig. 10).

A plot of stratification versus dendritic span separated
the cells into numerous distinct clusters (Fig. 11A; see Ro-
dieck & Brening, 1983; Cohen & Sterling, 1990). In several
cases two cell types shared the same cluster; for example, the
starburst cell plus DA4 and DA2 plus the deep dendrites of
DA3. However, other morphological features unambiguously
resolved the cluster into two types. Thus the starburst cell is
radially symmetrical, but DA4 is irregular and asymmetrical
(cf. Figs. 3 and 4). And DA2 is monostratified, whereas DA3
is bistratified. Most of the key distinctions are captured in
Fig. 11B.
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Fig. 8. DA7: long-range cell with multiple axons that travel >1 mm and
stratifies at ~30%.
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Fig. 9. A8: wide-field cell stratifies at 30—40%.

Discussion

Displaced amacrine cells are diverse.

The displaced amacrine cells identified here are quite diverse,
comprising 11 types (Fig 11B; see also Aboelela & Robinson,
2004). The inventory, including cells positive for ChAT (55%) and
GADgs (17%), accounts for 72% of all displaced cells. The re-
mainder must include types that synthesize GABA via the GADg;
isoform and types that use glycine (Andrade da Costa & Hokoc,
2003; Vardi & Auerbach, 1995; Pourcho & Owczarzak, 1991;
Pourcho & Goebel, 1987). We were unable to study these types by
immuno-targeting because the available antibodies required con-

937

ditions unsuited for subsequent dil staining. One expects that,
when these classes are targeted (perhaps by a virally mediated
GFP), they will reveal additional diversity.

Most of the injected cells aborized in the ON strata. This was
found for the all of the displaced starburst cells, which were the
most numerous, but it was also found for 90% of the GADgs
neurons, including 7 of the 10 types (Fig 11A). One of these types
(DA3) arborized in outer (10%) and inner (90%) levels of the
synaptic layer. If the selectivity noticed here for the ON strata
extends to the unstudied 28% of the displaced amacrine popula-
tion, then it might support the idea that displaced cells are selective
for the ON strata—as predicted by Vaney et al. (1981). This would
be consistent with the rules governing brain circuitry that generally
places cells and whole functional “areas” as close as possible to
their targets of connection (Klyachko & Stevens, 2003; Cherniak,
1994). Selective displacement, if present, would also minimize the
need for developing processes to navigate past irrelevant targets
(Raper, 2000).

Certain amacrine types may be exclusively displaced; that is,
present only in the ganglion cell layer. This includes the ON
starburst cell (Fig. 2) and possibly DA1 and DA4 because the
equivalent types in the cat (A11, A15) are usually displaced (Kolb
et al., 1981); also a comprehensive survey in the rabbit found none
of these types in the amacrine layer (MacNeil et al., 1999).
However, types that contribute equally to both upper and lower
levels apparently place their somas in either layer. For example,
the A2 soma, whose arbor spans the whole synaptic layer, is mostly
in the amacrine layer, but in the cat it is sometimes displaced
(Vaney, 1985; Nelson, 1982). This type, being glycinergic, was not
targeted in our experiments.

Amacrine types are apparently conserved across species

Bipolar and ganglion cell types are clearly conserved across mam-
malian species (Sterling, 2004; Masland, 2001). Certain types of
amacrine cell are also known to be conserved, such as the A2,
starburst, and dopamine cells (Vaney, 1990). However, the ama-
crine cells are so diverse and relatively unexplored that it remains
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Fig. 10. DAO stratifies narrowly at 5%. DA10 stratifies at 45%.
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Fig. 11. (A) Scatter plot separates most cells into distinct clusters. Numbers represent types summarized in the diagram. In the few
cases of overlap (e.g., starburst [*] and DA4), the types are easily separated by differences in morphology (cf. Figs. 2, 7)

(B) Morphology of identified types. Percentages indicate frequency with which each type was encountered.

to determine how completely they are conserved (MacNeil et al.,
1999).

Most of the 10 types of GADgs amacrine cell identified here
in guinea pig retina do correspond to types identified in other
species. DA1, with its asymmetrical dendritic field, resembles
cat types All and Al5; and DA4 resembles cat Al4 (Kolb
et al.,, 1981). DA2 and DAG6 correspond, respectively, to types
S2 and S1 in the rabbit and A17 in the cat (Kolb et al., 1981),
which connect reciprocally with the rod bipolar axon terminal
(Zhang et al., 2002; Sandell & Masland, 1986). DA3, with its
varicose outer processes and fine inner processes, resembles the
“fountain” cell in the rabbit (Wright & Vaney, 2000; MacNeil
et al., 1999) and the mouse (Tsukamoto, unpublished). DA7 and
DAS correspond, respectively, to the polyaxonal and wide-field
amacrine cells in the rabbit (Volgyi et al., 2001; MacNeil et al.,
1999). DA9 (narrowly stratified, medium-field) corresponds to
the “narrow S1” type in the rabbit (Zhang et al., 2002; Sandell

& Masland, 1986). Only DAS could not be matched to a known
type, which may reflect incomplete knowledge of other species
rather than lack of conservation. Incomplete staining cannot
explain this unknown type, because our Dil staining labeled thin
processes over a millimeter or more. The apparent conservation
among amacrine types seems to bolster the idea that circuits in
mammalian retina follow a “fundamental plan” (Masland, 2001,
Sterling, 2004).
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