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ABSTRACT The three largest known populations of am-
acrine cells in the rabbit retina were stained with f luorescent
probes in whole mounts and counted at a series of retinal
eccentricities. The retinas were counterstained using a fluo-
rescent DNA-binding molecule and the total number of nuclei
in the inner nuclear layer were counted in confocal sections.
From the total number of inner nuclear layer cells and the
known fraction of them occupied by amacrine cells, the
fraction of amacrine cells made up by the stained populations
could be calculated. Starburst cells made up 3%, indoleamine-
accumulating cells made up 4%, and AII cells made up 11% of
all amacrine cells. By referring four smaller populations of
amacrine cells to the number of indoleamine-accumulating
cells, they were estimated to make up 4% of all amacrine cells.
Thus, 78% of all amacrine cells in the rabbit’s retina are
known only from isolated examples, if at all. This proportion
is similar in the retinas of the mouse, cat, and monkey. It is
likely that a substantial fraction of the local circuit neurons
present in other regions of the central nervous system are also
invisible as populations to current techniques.

It is generally acknowledged that the main classes of neuron in
mammalian retinas include a large number of individual cell
types. Amacrine cells, with which we will be concerned, may
come in 20–30 varieties (for reviews, see refs. 1–3). They are
often distinguishable by various biochemical markers, as well
as by their pattern of branching and level of stratification in the
inner plexiform layer. The last requires that the subpopula-
tions of amacrine cells have different connections within the
retina’s circuits, which in turn means that the multitude of cell
types play different roles in creating and shaping the retina’s
final physiological output. Yet most of these neurons are
known only from occasional Golgi impregnations, if at all.
Even the number of amacrine cells was, until recently,

unknown. Although amacrine cell numbers have sometimes
been offered (see Discussion), most are based on weak evi-
dence. The primary reason is that cytology, as viewed in
nuclear stains, does not allow amacrine cells to be unambig-
uously identified. Another is that variability between tissue
samples—notably the large differences in shrinkage during
different kinds of histochemical processing—renders precise
comparison of absolute cell densities impossible.
In a previous study (4), we proposed an approach to this

problem. Samples of rabbit retina were fixed, osmicated,
stained with uranyl acetate, serially sectioned at 1 mm, and
stained again using toluidine blue and basic fuchsin. In pho-
tomicrographs taken at high magnification with differential-
interference-contrast optics, processes of every cell could be
visualized near their exit from the soma. This allowed every
neuron in the inner nuclear layer to be identified as a hori-
zontal, bipolar, or amacrine cell. Although the absolute den-

sities of cells varied (due to different-sized eyes and deforma-
tion during processing) the relative fractions of horizontal,
bipolar, and amacrine cells were found to be quite constant.
The constancy of proportions among the major cell classes

is important, because it offers a base of reference by which data
obtained using different histochemical methods may be inter-
converted. If the total number of inner nuclear layer neurons
and the number of a stained subpopulation for the same retinal
location are known, one may directly calculate the fraction of
all horizontal cells, bipolar cells, or amacrine cells occupied by
the stained neurons. Herein, we have made those measure-
ments for the three largest amacrine cell populations that have
been well characterized. We then used the results to estimate
the fraction of all amacrine cells occupied by four smaller
amacrine cell populations that had been described elsewhere.
These specific populations are subgroups within two generic
amacrine cell groups, those containing g-aminobutyric acid
(GABA) or glycine (5, 6); for comparison, GABA- and
glycine-containing cells were also counted.

METHODS

All of the methods have been described in detail elsewhere and
will only be summarized (4, 7–9). The retinas were from young
adult (1.8–2.3 kg) New ZealandWhite rabbits. Removal of the
eyes was done under deep anesthesia with a combination of
xylazine and ketamine, after which the animal was euthanized
by an overdose of the same anesthetics. The retinas were
separated from the retinal pigment epithelium. Whole mounts
for histochemistry were made after fixation of the retina with
4% paraformaldehyde for 1 h.
The nuclei of the displaced starburst cells were stained by

intraocular injection of 1 mg of 49,6-diamidino-2-phenylindole
(DAPI) 1 day prior to sacrifice (7). Staining of indoleamine-
amacrine cells was by immunohistochemistry (8, 9). Retinas
were incubated in vitro in Ames medium (10) in the presence
of 2 mM 5-hydroxytryptamine for 1 h. After fixation, serotonin
was visualized by a primary antibody against it (Incstar,
Stillwater,MN), biotinylated secondary antibodies, and avidin-
f luorescein isothiocyanate for visualization. AII amacrines
were stained by using primary antibodies against parvalbumin
(Sigma) or calretinin (Chemicon). Each retina was counter-
stained, after immunohistochemical staining, with 4 mM
ethidium homodimer (Molecular Probes) for 2 h. The retinas
were coverslipped under Vectashield (Vector Laboratories).
Counting was done from photomicrographs made at inter-

vals along a dorsal to ventral transect passing through the optic
nerve head. The final magnifications were as follows: star-
bursts, 3225 (color prints); indoleamine-accumulating cells,
3415; AII cells, 3650. At the same retinal locations serial
optical sections were made through the inner layer using a
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Bio-Rad MRC600 confocal microscope. The sections were
taken at Z intervals of 1 mm and had a nominal optical
thickness of 1 mm. The serial optical sections were printed at
a final magnification of 32400. By following each nucleus
throughout its extent (i.e., through four to six sections), every
cell in the selected region was counted. For further details on
counting and reconstruction, see ref. 4.
For immunohistochemistry of GABA and glycine, the an-

terior segment and vitreous body were removed and the eye
cups were immersed in fresh oxygenated Ames medium at
room temperature. The retinas were isolated from the pig-
mented epithelium and a strip of retina centered along the
vertical meridian was flattened on filter paper. Subsequently,
they were immersed in fixative consisting of 2.5% glutaralde-
hyde, 1% paraformaldehyde, and 0.1M sodium phosphate (pH
7.2). Fixation was carried on at room temperature for the
initial 15 min and then at 48C for 18–20 h. The retinas were
separated from the filter paper, washed extensively in 0.1 M
phosphate buffer, and then cut into a ladder of horizontal
strips parallel to the vertical meridian, each piece about 4 mm
long and 1 mm wide. The strips of retinal tissue were rinsed in
phosphate buffer, dehydrated in a graded series of ethanols,
and embedded flat in Medcast (Ted Pella, Redding, CA).
Serial semi-thin sections (1 mm thick) were cut from retinal
blocks at selected locations with a Leica Supernova ultrami-
crotome, using a diamond knife. Two locations were chosen,
one 3 mm ventral to the optic nerve head (near the peak of the
visual streak) and one 3 mm more ventral. For each block,
three series of 100 sections were cut: two were used for GABA
and glycine immunohistochemistry and the third was used for
counting the total number of inner nuclear layer cells.
Serial sections were collected on glass slides and dried on a

hot plate (608C) for 1–2 h. Sections were etched with a mixture
of 1:3 saturated ethanolic NaOHyabsolute ethanol for 12 min,
followed by three 2-min rinses in absolute ethanol and then
rinsed in distilled water for 15 min. The sections were rinsed
again with 0.02 M Trisyphosphate buffer (TPBS, pH 7.2), for
10 min and then incubated in a solution of 10% normal goat
serum and TPBS for 2–3 h to block unspecific staining.
Subsequently, the sections were incubated in a solution of
antisera, 5% normal goat serum, and TPBS for 12–18 h at 48C,
in humid chambers. Antisera were from Chemicon, anti-
GABA (raised in rabbit) was used at a dilution of 1:2000, and
anti-glycine (raised in rabbit) was used at a dilution of 1:250.
The retinal sections were rinsed several times in TPBS and
incubated for 3 h in 5-nm-gold-conjugated goat anti-rabbit IgG
(Amersham) diluted 1:25 in TPBSwith 1%normal goat serum.
The sections were rinsed in TPBS for 1 h, rinsed again in water,
and air-dried. Subsequently, the sections were incubated with
silver intensification solution (Amersham), for 20 min, until
the immunopositive cells were clearly visible under the light
microscope. The sections were rinsed in water, dried, cover-
slipped, and photographed with a Zeiss Axioplan microscope
using a340 or363 objective. The series of sections to be used
for counting the total number of inner nuclear layer cells was
counterstained with toluidine blue on a hot plate, cover-
slipped, and photographed at 3100.
Immunostaining of the cells appeared highly specific. De-

spite the presence of a certain level of background, labeled
cells were readily distinguished from unlabeled cells even in
single micrographs and were consistently labeled through
series of consecutive sections. They were easy to count.
Processes of horizontal cells were not labeled using the anti-
GABA antiserum. Staining of the processes is variably re-
ported in mammalian retinas (see ref. 3). Perhaps their pool of
GABA is poorly retained under our conditions of fixation (11,
12).

RESULTS

Three specifically stained populations of amacrine cells were
counted: starburst cells, indoleamine-accumulating cells, and
AII amacrine cells. For each, the cells were counted in whole
mounts at intervals of 1.5 mm along a vertical transect passing
through the optic nerve head. At every second counting
location (i.e., every 3 mm), the ethidium-counterstained nuclei
of all inner nuclear layer cells were also counted.
Starburst cells were stained by their accumulation of DAPI.

Fig. 1A shows the nuclei of the starburst cells in the ganglion
cell layer. A regular population of bright uniformly stained
neurons is visible, as described extensively in previous studies
(7, 13, 14). For three retinas, the density of starburst cells
ranged from 660 cells per mm2 in the visual streak to 175 cells
per mm2 in the dorsal periphery. These values were compa-
rable to those obtained previously. Starburst cells in the inner
nuclear layer, which were our primary interest, are slightly
more numerous than displaced cells in the visual streak but
have the same number elsewhere (2, 7, 15, 16). The absolute
difference is small and no correction was made; the number of
starburst cells in the ganglion cell layer is taken as a measure
of the conventionally placed ones. At six points across the
retina, the total number of inner nuclear layer neurons was also
counted (Fig. 2). From previous work (table 1 of ref. 4), the
fractions of these neurons that are amacrine cells is known. At
the specified distances from the optic nerve head, they are: 6
mm dorsal, 27.2%; 3 mm dorsal, 28.6%; 3 mm ventral, 34.8%;
6 mm ventral, 32.0%; 9 mm ventral, 31.5%; 12 mm ventral,
29.0%. This allowed an estimate of the percentage of all
amacrines in the inner nuclear layer that were starburst cells.
It changed little across the retina. On average, starburst cells
made up 3% of the amacrine cells in the inner nuclear layer
(Fig. 3).
Indoleamine-accumulating amacrine cells were stained by

immunohistochemistry after uptake of serotonin. The mosaic
of indoleamine-accumulating amacrine cells is shown in Fig.
1B. The density of indoleamine-accumulating cells ranged
from 1043 cells per mm2 in the central retina to 231 cells per
mm2 in the dorsal periphery. These values are in accord with
those obtained in previous studies (2, 8). The retinas were
counterstained and the total number of cells in the inner
nuclear layer was established for six retinal locations. On
average, indoleamine-accumulating amacrine cells made up
4% of the total amacrine cell population.
AII amacrine cells were counted by immunohistochemistry

using antibodies directed against parvalbumin. The mosaic of
AII amacrine cells is shown in Fig. 1C. A regular population
of cell bodies is visible, with the lobular appendages of their
dendritic arbors slightly out of focus. Other retinas were
stained with antibodies against calretinin, which gives a
brighter staining. However, a second population of amacrine
cells is also stained with calretinin and this made counting
more difficult, especially in the central retina. With parvalbu-
min, these second cells were less brightly stained and could
more readily be distinguished from the AII cells. Data shown
are from parvalbumin-stained retinas. Perhaps because of this
issue, the data obtained in counting AII amacrines were more
variable than for the other populations. However, the results
obtained were in good agreement with those obtained by other
workers (17, 18). The cells had a peak density of 2887 cells per
mm2 near the visual streak and a density of 795 cells per mm2
in the dorsal periphery. Comparison with the total number of
inner nuclear layer neurons in these retinas indicated that AII
amacrine cells made up 11% of the total amacrine cell
population.
GABA- and glycine-containing cells were studied using

sections from glutaraldehyde-fixed embedded tissue (Fig. 4).
Immunohistochemical identification of the cell populations
was done by post-embedding immunohistochemistry (11, 22)
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and the total number of cells in the inner nuclear layer was
learned from adjacent series stained with toluidine blue. In
general, staining for GABA and glycine conformed to that
reported previously in the rabbit and other mammals (3, 6).
GABA was sharply localized in cells at the inner margin of the
inner nuclear layer. No GABA-containing horizontal cells
were observed, but only a handful of horizontal cell bodies
would be expected in these series and the GABA staining of
horizontal cell processes in mammals is usually weak (3, 6, 23,
24). A few glycine-containing cells were located at the outer
margin of the inner nuclear layer. These presumably corre-
spond to the glycine-containing bipolar cells reported in other

mammalian species (25–27) but were negligible in number and
are not included in the quantitative analysis. The levels of
glycine were more variable than GABA.
The overall densities of the cells (both neurotransmitter-

labeled and the total cell population) appeared higher than for
the cells studied in whole mounts, because of shrinkage of the
tissue during dehydration. (A small linear shrinkage becomes
a large areal shrinkage.) In the central retina (3 mm ventral to
the optic nerve), the total density of cells was 169,600 cells per
mm2. Of these, 34.8% or 59,020 cells per mm2 should be
amacrine cells (4). The density of the GABA immunoreactive
cells was 22,422 cells per mm2 and the density of the glycine

FIG. 1. (Left) Staining of specific amacrine cell populations. (A) Displaced starburst amacrine cells, stained by accumulation of DAPI. (B)
Serotonin-accumulating amacrine cells in the inner nuclear layer, identified by immunohistochemistry. (C) AII amacrine cells, identified by
immunohistochemistry. (Bar5 50 mm.) (Right) Serial horizontal sections (by confocal microscopy) through the inner nuclear layer. The nuclei were
stained with ethidium homodimer. Cells were counted by following each cell from its beginning to end in the serial sections. (Bar 5 10 mm.)
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immunoreactive cells was 26,250 cells per mm2. Of the total
amacrine cells, GABA-immunoreactive cells were thus 37.9%
and glycine cells were 44.5%. Six millimeters ventral to the
optic nerve head, the total cells were 105,600 cells per mm2.
Thirty-two percent of these or 33,792 cells per mm2 should be

amacrine cells (4). GABA-immunoreactive cells made up
37.4% (12,611 cells per mm2) and glycine cells made up 51.9%
(17,526 cells per mm2) of that total.

DISCUSSION

Our major finding was that starburst, indoleamine-
accumulating, and AII amacrine cells make up 3%, 4%, and

FIG. 2. Population densities of starburst, indoleamine-accumulat-
ing, and AII amacrine cells. For each, the population of stained
amacrine cells was counted in low power whole mount views (Fig. 1
A–C). In the same tissues, the total density of inner nuclear layer cells
was counted at a series of seven retinal eccentricities (Fig. 1Right). The
total density of amacrine cells (open circles) was established by
multiplying the total nuclei present at six retinal eccentricities by the
fraction of amacrine cells known to be present at those retinal
eccentricities (4).

FIG. 3. Fraction of all amacrine cells occupied by starburst,
indoleamine-accumulating, and AII amacrine cells. These percentages
were calculated from the data of Fig. 2.

FIG. 4. Staining of etched semi-thin sections for endogenous
GABA and glycine. Location 6mm ventral to the optic nerve head. (A)
Glycine-accumulating cells. (B) GABA-accumulating cells. In both,
the ganglion cell layer is at the bottom. Arrows in A point to weakly
labeled cells at the top of the inner nuclear layer, presumably glycine-
accumulating bipolar cells. Triangles in B point to GABA-
accumulating displaced amacrine cells, almost certainly starburst cells.
They are shown as a positive control, since they are known to contain
GABA (19–21). (They were not counted, because the analysis is
concerned with the inner nuclear layer.)
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11%, respectively, of all amacrine cells in the rabbit’s retina.
The staining was clear (Fig. 1) and the spatial densities agree
well with those observed in whole mounts by others [starbursts
(2, 7, 15), indoleamine-accumulating (8, 28), and AII, (17, 18)].
The total number of amacrine cells was obtained by multiply-
ing the total density of inner nuclear layer neurons by the
known fraction of amacrine cells (4) and this sets a limit to the
precision of the current estimates. A small error in the fraction
of amacrine cells previously estimated would translate to a
larger error in the fraction of all amacrine cells represented by
the subpopulation studied here. However, the total number of
cells was easy to learn from confocal series, and the fractions
established previously were learned, among other means, by
electron microscopy of serial sections. The imaginable errors
would affect our fundamental conclusion little: starbursts,
indoleamine-accumulating cells, and AII amacrines are a small
fraction of all amacrine cells (Fig. 5).
Published work indicates that the numbers of cells in other

stained populations of amacrine cell are even fewer than those
studied herein. The original research in those studies lacked a
base of reference, so that the fractions of all amacrine cells
cannot be precisely stated, but as an approximation, data
collected from immunohistochemistry of lightly fixed whole
mounts mounted in aqueous solutions or glycerol can be
compared without gross error. Four such populations of
amacrine cell are the cells containing NADPH diaphorase
(29–31), those containing catecholamines (31–33), those con-
taining vasoactive intestinal peptide (30), and the DAPI-3 cells
(2, 34). At a point in the midperiphery (9 mm ventral to the
optic nerve head), the respective population densities of these
cells were: 70, 19, 22, and 245 cells per mm2. At the same
eccentricity the indoleamine-accumulating cells had a density
of 398 cells per mm2, representing 4% of the total amacrine cell
population at that eccentricity (Figs. 2 and 3). Using these
proportions, and the present results, the four other populations
make up the following fractions of the total population of
amacrine cells as follows: NADPH-diaphorase, 0.7%; cat-
echolamines, 0.2%; vasoactive intestinal peptide, 0.2%;
DAPI-3, 2.5%. In total, the identified amacrine cells in our
measurements and others’ make up 22% of the total amacrine
cell population. Thus 78% of all amacrine cells are known only
from Golgi-stained exemplars, if at all.
This fraction pertains only to the amacrine cells located in

the inner nuclear layer. Including those displaced to the
ganglion cell layer would change the value, but only by 2–3%
(7, 35).
In a review of amacrine cell mosaics, Vaney (2) estimated

that the rabbit’s retina contains 5,000,000 amacrine cells. The
estimate derived from counting DAPI-labeled cells at the
‘‘inner margin’’ of the inner nuclear layer for one field and

extrapolating along unspecified density contours to the whole
retina. This method is too subjective to be generally useful.
[For example, in the cat the total number of amacrine cells
estimated in the same way ranged from 5,200,000 to 8,200,000
for different retinas (2, 36, 37).] Even so, Vaney estimated that
identified populations account for only one quarter of ama-
crines in the rabbit retina, a conclusion nearly identical to ours.
Having many unidentified amacrine cells is not a peculiarity

of the rabbit’s retina. In the mouse, amacrine cells have been
estimated tomake up 39% of the cells in the inner nuclear layer
(38). In the cat, the exact fraction has apparently not been
reported, but from published absolute densities (2, 36), it
should be roughly 20%. Both of these estimates derive from
counts based on nuclear cytology. Better data are available for
the monkey (39), where the fraction of amacrine cells for a
point 5 mm from the fovea was estimated by a combination of
cytology, electron microscopy, and immunohistochemistry to
be 28%. The absolute spatial densities of the known popula-
tions of amacrine cells in these retinas are as low as those
described herein in rabbit; no populations much more dense
than those found in rabbits have yet been observed (2, 3). We
conclude that the large majority of amacrine cells in most
mammalian retinas are unidentified.
To put this in perspective, horizontal cells make up 2% of all

cells in the rabbit’s inner nuclear layer (4). The number of
unidentified amacrine cells is thus approximately 14 times the
total number of horizontal cells. Even if one assumes that only
half of the unidentified amacrine cells have wide dendritic
arbors (6), amacrine cells seem likely to be the more important
laterally conducting pathway in the retina.
What is the identity of the missing amacrine cells? Our

results show, confirming work in goldfish by Marc and co-
workers (6, 12), that a large majority of all amacrine cells
contain glycine or GABA. These populations include the
starburst (GABA), indoleamine-accumulating (GABA), and
AII (glycine) amacrine cells and must include many other
morphological (and functional) types of amacrine cells as well.
As was pointed out by Marc (6), the cell bodies of the
glycinergic cells tend to be smaller than those of the GABAer-
gic, and this implies that they have smaller dendritic arbors.
Quite possibly many of the glycinergic cells are narrow-field
amacrines. Other than occasional reports from Golgi cata-
logues, there are few further clues. Molecules concerned with
intracellular signaling may provide markers for other popula-
tions, as parvalbumin has for AII.
Local circuit neurons analogous in some ways to amacrine

cells are present in most regions of the central nervous system.
For example, the neocortex contains a variety of small neurons
that communicate locally. Many of them contain GABA (40),
but this fact alone is no more restrictive in the cortex than in

FIG. 5. Major classes of cell present in the inner nuclear layer of the rabbit’s retina. Data for the generic amacrine cell classes (GABAergic
and glycinergic) and for the three specifically stained amacrine cell populations are from the present study. The remaining information is from ref.
4.
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the retina: careful work using the Golgi method by Lund and
colleagues (41–43) demonstrated 17 morphologically distinct
varieties of local circuit neuron in layers 4C and 5 of the striate
cortex. In this context, ‘‘morphologically distinct’’ does not
mean only that the cells have a pattern of processes recogniz-
able to an anatomist’s eye: the processes run to different
locations within the cortex and this requires that they interact
synaptically with different sets of other neurons. They are not
only morphologically distinct, they carry out different func-
tions within the cortex.
Because of the limitations of the Golgi method, the numbers

of each cell type are unknown (43). It is quite possible that
numerically important cells are mixed together in these de-
scriptions with numerically sparse ones. Indeed, there is no
guarantee that important populations of local circuit neurons
have not escaped staining altogether. [The first starburst
amacrine cell was apparently stained in 1979—almost a cen-
tury after Golgi investigation of the retina began (44).] A way
to avoid such risks would be to begin to develop quantitative
information about the cell populations of the cortex.
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Natl. Acad. Sci. USA 85, 6187–6191.
22. Ehinger, B., Ottersen, O. P., Storm-Mathisen, J. & Dowling, J. E.

(1988) Proc. Natl. Acad. Sci. USA 85, 8321–8325.
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