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ABSTRACT
The localization of gamma-aminobutyricacid (GABA)-and L-glutamate 1
carboxy-lyase (GAD)-immunoreactive neurons was compared in the skate,
frog, pigeon, chicken, rabbit, and man. Horizontal cells show both GABA and
GAD immunoreactivity in the skate, frog, and bird. Certain amacrine cells
show GABA and GAD immunoreactivity in all species. The distribution of
GABA-and GAD-immunoreactive cell bodies and cell processes was very similar, if not identical, in the skate and man. In the other species, cell populations with GAD immunoreactivity also showed GABA immunoreactivity.
However, in the bird, frog, and rabbit, the GABA-immunoreactive amacrine
cells were at least twice as numerous as the GAD-immunoreactive cells. In
birds, the distributions of the GAD and GABA immunoreactivities were different in the sublayers of the inner plexiform layer. The reason for the difference is currently unknown. GABA-immunoreactive bipolar-like cells were
seen in the frog.
Key words: neurotransmitter localization, immunohistochemistry,skate, frog,
chicken, pigeon, rabbit, man

Gamma-aminobutyric acid (GABA) is a neurotransmitter
that is synthesized from glutamic acid by decarboxylation.
A special enzyme, L-glutamate 1-carboxy-lyase(GAD; E.C.
4.1.1.15), catalyzes the reaction. There is much evidence
that certain cells in the retina use GABA as their neurotransmitter. For example, both GABA and GAD are present in the retina (reviews: Ehinger, '82; Brecha et al., '84;
Yazulla, '86). The results so far suggest that GABA-ergk
neurons are common in the retina, which makes it of interest to identify them in more detail and to chart the connections they make.
Attempts to identify the GABA-ergic neurons have hitherto mainly focused either on localizing the synthesizing
enzyme, GAD, or on finding the cells that have a GABA
uptake system. GAD localization has been studied with
immunohistochemical methods, and GABA uptake has been
studied with autoradiography. Good results have been obtained with both methods (see, e.g., Brandon et al., '79;
Brandon et al., '80; Agardh, '85; Brandon, '85; Hendrickson
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et al., '85; Yazulla, '86). However, they also have well known
drawbacks, and the results have not always been consistent. For example, it was recently suggested that (3H)GABA autoradiography demonstrates a set of retinal neurons that is different from the ones containing GAD (Yazulla and Kleinschmidt, '83; Zucker et al., '841, but the
opposite has also been observed (Ball and Brandon, '85;
Mosinger and Yazulla, '85; Stell, '85). Moreover, it has been
suggested that evoked release of (3H)-GABA in the chicken
is not entirely identical with evoked release of endogenous
GABA (Campochiaro et al., '841, thus making it difficult to
use ("H)-GABA as a marker for GABA neurons.
With the aid of a set of new antibodies capable of demonstrating the endogenous GABA stores, we have therefore
compared the distribution of GABA-containing neurons
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TABLE 1.A Comparison Between the Number of GAD- and GABA-Immunoreactive Cells in the Different Species'
Cells in the
ganglion cell layer
GAD
GABA

I+,

Amacrine cells
GAD
GABA

Horizontal cells
GAD
GABA

Bipolar-like cells
GAD
GABA

Interplexiform-like
cells
GAD
GABA

common; (+I, less common; ((+)I, rare.

with the ones demonstrable with GAD antisera in a num- diluted 1/100, antiserum 3 was diluted 1/1,000, and antiserum 4 was diluted 1/400 or 1/200. Antiserum 2 was puriber of species.
fied by immunoadsorption on Sepharose columns as
MATERIALS AND METHODS
described elsewhere (Ottersen et al., '86). This antiserum
Retinae from the skate (Raja clavata and R. radiata),frog was used at a dilution of 1/100 and 1/200, but this is the
(Rana temporaria),chicken (strain Derko, a cross-breed be- dilution of the Sepharose eluate rather than the dilution of
tween the Plymouth Rock and Rhode Island strains), pigeon the crude serum; therefore, the dilution figure is not com(wild birds, Columba liuia), pigmented rabbit (Oryctolagus parable with the ones for the other antibodies. Phosphatecuniculus), and man were fixed for 3 hours at 4°C in a 4% buffered (0.01 M) saline with 0.25% Triton X-100 and 0.25%
formaldehyde and 0.3% glutaraldehyde in a 0.1 M phos- human serum albumin was in all cases used as the diluent.
phate buffer, pH 7.2. Other tissue pieces from the same All the native antibodies worked equally well in sections
species were fixed for 24 hours in 4% formaldehyde in the fixed in formaldehyde alone or fixed in a glutaraldehyde
same buffer. In both fixation procedures the tissue was and formaldehyde mixture. The purified antibody (2)needed
subsequently washed for 24 hours in four changes of the tissue fixed in formaldehyde and glutaraldehyde.
Controls were obtained by neutralizing the antisera with
phosphate buffer with 30% sucrose added. Fifteen-micron
sections were obtained in a cryostat, picked up on micro- amino acid conjugates. The amino acid (GABA, glycine,
scope slides, melted, and air-dried. The slides were then beta-alanine, leucine, or taurine) was conjugated to bovine
serum albumin by mixing 5 mg amino acid, 6 mg albumin,
stored at - 18°C until used.
The fixation with the glutaraldehyde and formaldehyde and 19 pl glutaraldehyde in 1ml phosphate buffer, pH 7.4,
mixture often does not give as good tissue preservation in 0.1 M. After 15 minutes, equal parts of the conjugate mixcryostat sections of the retina as formaldehyde alone. The ture and ethanolamine (1M) were mixed and dialysed for
glutaraldehyde fixation is usually regarded as needed to 48 hours against the phosphate buffer. The conjugate was
ensure optimal reaction with the GABA antibody, which in then added in different final dilutions to the antibody workreality recognizes a conjugate between GABA and proteins ing solutions.
Nonconjugated GABA was found not to inactivate the
rather than GABA itself. However, as demonstrated in this
paper, the GABA antibodies also work with tissue fixed in antisera, and it is thus clear that the antibodies demonformaldehyde alone, which gives much better morphology strate the GABA-albumin conjugate rather than GABA
and which therefore has been used in addition to the glu- itself, as expected. The GABA conjugate eliminated staintaraldehyde and formaldehyde fixation. The skate, frog, ing in the sections at conjugate dilutions down to less than
and chicken were killed by decapitation, the chicken after 1/100,000. Sera treated with conjugates of glycine, betaether anesthesia. The rabbits were killed by intravenous alanine, taurine, and leucine still demonstrated the same
air injections. The human retinae were obtained from eyes tissue structures as the untreated antisera up to a conjuenucleated because of tumors. The retinae pieces were cut gate dilution of 1/2 (glycine, leucine, and taurine) or 1/10 to
from regions well away from tumors. For each animal spe- 1/50 (beta-alanine) when tested on double-fixed tissue. With
cies, at least three eyes from three different animals were tissue fixed in formaldehyde alone, the corresponding dilutions were somewhat lower for taurine (1/10),leucine (11101,
investigated, in man two eyes.
GABA and GAD immunoreactivities were demonstrated and beta-alanine (1/100) but were the same for glycine (11
with the indirect fluorescence method of Coons et al. ('55) 2). Apparently, the beta-alanine conjugate is a slightly more
or with the indirect peroxidase antiperoxidase (PAP)method effective inactivator than the other amino acid conjugates,
(see Sternberger, '79). The illustrations are all with the but it is still very much less so than the GABA conjugate.
The GAD antiserum (code No. P3) was a polyclonal antiPAP method (Figs. 1-6). In addition, a number of glutaraldehyde-fixed sections were treated with 1 M ethanolamine body against mouse brain GAD, and was characterized as
in order to block possibly remaining reactive aldehyde described in detail elsewhere (Saito et al., '74; Wu, '76). It
groups. Since no changes were observed in the results, this was used diluted 1/150 and 1/75. Both dilutions gave the
same results.
step was not used routinely.
The proportion of immunoreactive cells in the retina was
Four different GABA antisera were used: 1 and 2 were
kindlv donated bv Dr. J. Storm-Mathisen, 3 was obtained estimated in the microscope by cell counts in at least ten
commercially from ImmunoNuclear Co, Stillwater, MN, visual fields in two different specimens. However, in cryoand 4 was produced by ourselves according to procedure stat sections it is not possible to classify with any reasondescribed by Storm-Mathisen et al. ('83). Antiserum 1was able degree of precision the different unstained cells of the
I
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Fig. 1. GABA immunoreactivity in the rabbit retina. Numerous cells
with the position of amacrine cells are stained, together with numberless
fine processes in the inner plexiform layer (IPL).There is a slight tendency
to sublayer formation in the IPL. Three cells in the ganglion cell layer are
also stained. Unstained cells in the ganglion cell layer can be seen as voids.

Ph, photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plexiform layer; G, ganglion cell layer.
PAP immunohistochemistry, formaldehyde fixation. Phase-contrast micrograph. x 290.

inner nuclear layer. Therefore, the results are &riven as
verbal descriptions rather than numbers, which could give
a false impression of accuracy.

Occasionally, both small and large cells were stained in
the ganglion cell layer. The staining intensity also varied,
but without any correlation to the size of the cells.
Numerous oval or triangular horizontal cells were stained.
Different parts of the horizontal cells were often connected
to each other with thin fibres (Fig. 2A). In addition, large
numbers of smooth or varicose fibres could be seen in the
outer plexiform layer.
The inner plexiform layer contained many stained varicose fibres without any definite sublayering, although the
staining intensity was slightly more pronounced in the
innermost and outermost parts.
There were no fibres running between the two plexiform
layers that could suggest the presence of interplexiform
cells.
GABA. In general, the GABA and GAD immunoreactivities were similarly distributed, and the number of immunoreactive cell bodies was similar. Oval or pear-shaped
GABA-immunoreactive cells were stained in the two innermost cell rows of the inner nuclear layer (Fig. 2B). Usually,
the entire cell body was stained. The staining intensity
varied somewhat but did not correlate with any obvious
morphological feature. The cells extended straight processes to networks of fibres in the inner plexiform layer.
The exact termination of the processes could not be distinguished, but usually the fibre density was somewhat higher
in the innermost part of the inner plexiform layer than in
the others. Occasionally, pear-shaped cells also extended
one or two thin smooth processes towards horizontal cells,
but it could not be conclusively established that they terminated in the outer plexiform layer.
Occasionally, stained cells of varying size appeared in the
ganglion cell layer. They sent their processes to the inner
plexiform layer but could not be traced for any significant
distance.
Oval or triangular horizontal cells were also stained, as
well as numerous varicose horizontal cell processes in the
outer plexiform layer, with the fibres forming dense networks close to the horizontal cell bodies.

RESULTS
A schematic comparison between GAD and GABA immunoreactivitv" is aiven
in Table 1.
-

Formaldehyde fixation and the GABA antibody
The GABA antisera were tested simultaneously on rabbit
retinae fixed in formaldehyde alone or in glutaraldehyde
followed by formaldehyde. The morphology was much better in the formadelhyde-fixed sections, and the results of
the antibody inactivation controls (see above) showed no
significant change in the specificity of the reaction. The
results with formaldehyde fixation without glutaraldehyde
is shown in Figure 1. As expected, the purified antibody
worked well only on glutaraldehyde-fixed tissue. However,
the number of stained cells and their morphology were the
same as with native antisera applied to tissue fixed either
in formaldehyde or in the glutaraldehyde and formaldehyde mixture.

Skate
GAD. Stained cells appeared in two cell rows in the
inner nuclear layer. They were round, oval, or pear-shaped
and showed some slight variation in size (Fig. 2A). Usually,
the periphery of the cell body appeared more stained than
the nucleus. The staining intensity varied from cell to cell
without any obvious correlation to size or any other morphological feature. Straight, radially directed, smooth processes emanated from a hillock on the pear-shaped cells.
They terminated in the inner plexiform layer among numerous stained varicose fibers. They could not be further
traced because of the high fibre density. Occasionally, a
pear-shaped cell could be seen to extend a thick process
directly into the inner third of the plexiform layer. Roughly
one-third of the cells in the innermost cell rows of the inner
nuclear layer were stained.
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Fig. 2. GAD- (A) and GABA- (B) immunoreactive neurons in the skate
retina. The sections are slightly overstained in order to bring out the fine
connecting fibres (arrows); a presumed horizontal cell axon (A), and the
distal projection from neuron (B). PAP immunohistochemistry with formal-

dehyde fixation for the GAD demonstration and combined glutaraldehyde
and formaldehyde fixation for the GABA demonstration. Designation of
; Nomarski interference contrast, ~ 6 4 0 .
layers a s in Figure 1. A, ~ 7 2 0B,

Frog

inner plexiform layer could be distinguished. As in sections
stained for GAD immunoreactivity, GABA-immunoreactive cell bodies were located also in the middle third of the
inner nuclear layer. Their processes extended in both directions and reached both the inner and the outer plexiform
layers, suggesting they are bipolar cells. About five to ten
such cells were found per millimeter retina section.
Numerous varicose fibres were stained in the inner plexiform layer. They were most densely packed in sublayers 1,
2, and 5, although the sublayering was not as evident as
with the GAD antibody.
Cells in the ganglion cell layer were unstained.
Horizontal cells were immunoreactive in a fashion very
similar to that seen with the GAD antibody. They were
mainly stained in the cytoplasm rather than in the nucleus,
and the cell bodies therefore usually appeared as rings. In
general, the cell bodies were large and of approximately
the same size as labeled amacrine cells. The fibre density
was high in the outer plexiform layer, which in most cases
precluded a detailed analysis of the processes. However, at
times radially oriented fibres could be distinguished in
brush-like clusters, emanating from the horizontal cell
bodies.

GAD. Cell bodies with only a thin rim of stained cytoplasm appeared in the innermost half of the inner nuclear
layer, sending processes into the inner plexiform layer (Fig.
3A). Thick radial processes were at times seen to emanate
from a hillock. Generally, the process and the hillock were
prominently stained, whereas the rest of the perikarya
appeared only weakly stained. The cell size varied only
slightly. Occasionally, stained cell bodies appeared in the
middle third of the inner nuclear layer, about 1-2 per mm
retina section.
Numerous varicose fibres were stained in the inner plexiform layer, forming six sublayers of varying width and
staining intensity. The staining was most intense in sublayers 1,2, and 5.
No GAD-immunoreactive cells were observed in the ganglion cell layer. Weakly stained but evenly distributed horizontal cells were common (Fig. 3A). Varicose processes
extended from them, forming a dense network in the outer
plexiform layer. The terminations of the individual fibres
could usually not be distinguished.
GABA. Roughly one-third of the cells in the two or three
innermost rows of the inner nuclear layer were stained
Pigeon and chick
(Fig. 3B). This is about twice the number of GAD-immunoThe results were the same in these two species and are
reactive cells in the same region. Occasionally, cell processes extending all the way to the innermost part of the therefore described together.
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GAD. Numerous immunoreactive cells were observed in
the inner nuclear layer (Fig. 4A). They were round, oval, or
pear-shaped and were located in two or three cell rows in
its innermost part. The cell bodies were more stained peripherally than in the nucleus, particularly in the hillock
when this part of the cell body was visible. The cells with
an observable hillock sent a thin, smooth, and straight
process to the outermost part of the inner plexiform layer.
High numbers of fine varicose fibres were stained in the
inner plexiform layer with a complex sublayering pattern,
with variations that seemed to depend on the location in
the ocular fundus of the tissue (Fig. 4A). No systematic
analysis of this variability was done. The highest fibre
density was usually seen in bands in subiaminae 1, 3, and
5, but sublaminations were also evident within these bands.
Only a few immunoreactive cells appeared in the ganglion cell layer. They sent their processes to the inner
plexiform layer. No axons were observed.
Horizontal cells were also immunoreactive but less intensely so than the amacrine cells (Fig. 4A). Their cell
bodies were of the same size as other, nonlabeled horizontal
cell bodies in the outermost part of the outer nuclear layer.
Labeled processes were observed in two sublayers in the
outer plexiform layer. Their relationship to photoreceptors
could not be established at the Iight microscopical level.
GABA. Oval or pear-shaped immunoreactive cells were
observed in the innermost cell rows of the inner nuclear
layer (Fig. 4B). These cells were numerous: there were at
least twice as many of them as of the GAD-immunoreactive
cells. Some of the cells were more stained in the periphery
than over the nucleus.
There were also many varicose fibres in the inner plexiform layer, more densely arranged in sublayers 1 and 5
than in the other sublayers. The sublayering was less evident than with GAD staining. A few of the cells of both the
large and the small variety in the ganglion cell layer were
also stained.
Numerous horizontal cells were observed, ramifying in
the outer plexiform layer and forming two not very well
defined sublayers. Owing to the density of stained fibres in
the outer plexiform layer, the ramifications could not easily
be analyzed. However, at times, comparatively thick processes could be seen to issue from the cell bodies.

Rabbit

INL

GAD. A small number of immunoreactive cell bodies
appeared in the innermost part of the inner nuclear layer
(Fig. 5A). The size and shape of these cells was similar to
the surrounding ones. The staining was in some cells located throughout the entire cell body, but in others it was

I PL

-

Fig. 3. GAD- (A) and GABA- (B) immunoreactive neurons in the frog
retina. Cell bodies are only weakly stained with the GAD antiserum. The
arrow points to a horizontal cell. Amacrine cells are only outlined by a
narrow rim of stained cytoplasm. There is heavy, layered staining in the
inner plexiform layer. I n the GABA staining, the arrow points to a bipolar
cell. Numerous cell bodies with the position of amacrine cells are also
stained. In comparison with the GAD staining, the horizontal cells are less
intense, and the sublayering in the IPL is similar but not identical. Note,
for instance, the relative staining intensities of sublaminae 1. Phase-contrast micrographs, PAP immunohistochemistry, formaldehyde fixation.
Designation of layers like in Figure 1.A, x720; B, x575.
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Fig. 4. GAD (A) and GABA (B) immunohistochemistry of chicken retina.
Horizontal cells are weakly stained with GAD, and more intensely stained
with GABA. The picture shows some of the regional variability in the
GABA staining of the horizontal cells. There are many more GABA-immunoreactive amacrine cells than there are GAD amacrine cells, and the
sublayering patterns i n the inner plexiform layer are distinctly different.
Designation of layers as in Figure 1. PAP immunohistochemistry, formaldehyde fixation for the GAD demonstration, and combined glutaraldehyde
and formaldehyde fixation for the GABA demonstration. A, Nomarski interference contrast, X400; B, ~ 4 1 0 .

more marked in the periphery. Numerous immunoreactive
varicose fibres appeared throughout the inner plexiform
layer.
Occasionally,it was possible to distinguish a more intense
staining in the innermost and outermost parts of the inner
plexiform layer.
Stained cells were only rarely found in the ganglion cell
layer. Horizontal cells were never stained.
GABA. The distribution of immunoreactive cell bodies

IPL

G

Fig. 5. GAD (A) and GABA (B) immunohistochemistry of rabbit retina.
Stained processes appear throughout the inner plexiform layer in both
cases. Cell bodies are only weakly stained with the GAD antiserum, but are
strongly stained with the GABA antibodies. Note the absence of staining in
the outer plexiform layer. Designation of layers as in Figure 1. PAP immunohistochemistry, formaldehyde fixation, phase-contrast micrographs. x 720.

and nerve fibres was similar to that of GAD-immunoreactive neurons, although the number of cell bodies observed
was more than five times higher (Fig. 5B).
Immunoreactive fine varicose fibres appeared throughout
the inner plexiform layer, most prominently in the innermost and outermost subIaminae (1 and 5).
Immunoreactive interplexiform cells or horizontal cells
were not observed. Occasionally, stained cells were found
in the ganglion cell layer.
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Man
GAD. In the inner nuclear layer, oval or round cells were
stained, and these were situated in a single cell row close
to the inner plexiform layer (Fig. 6A). The cells could be
seen to emit fine fibres to all pa& of the inner plexiform
layer, which was rich in densely packed varicose fibres. No
consistent sublayer formation could be seen. The cells were
less common in man than in the other species investigated.
Some cells were st.ained in the ganglion cell layer. They
were generally of the same size as the immunoreactive cells
in the inner nuclear layer, with processes that were difficult
to trace. The number of stained cells in the ganglion cell
layer was only a small proportion of all cells in it.
No photoreceptor cells, or interplexiform cells were
stained. Occasionally, a faint immunoreactivity could be
observed in horizontal cells, but it would not clearly be
distinguished from the background immunoreactivity.
GABA. The distribution of GABA-imrnunoreactive neurons was in all respects the same as that of the GADimmunoreactive neurons described above (Fig. 6B).
It should be noted that in a separate independent study
(Agardh et al., '87) also central parts of the human retina
were available. In these sections, GABA- and GAD-immunoreactive horizontal and bipolar-like cells could be
demonstrated.
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DISCUSSION
Four different GABA antibodies were used in this study,
one of which was purified by immunoadsorption. All gave
the same main results, and there is therefore no reason to
suspect that the observations are caused by some spurious
property of a certain antiserum. However, in order to avoid
false observations, it is important also to analyse possible
cross-reactions by the antibodies. As seen both in this and
in other studies (Storm-Mathisen et al., '83; Ottersen et al.,
'86; Agardh et al., '86), taurine and beta-alanine both crossreact in vitro with the GABA antibodies, though the reactivity is low. However, taurine is known to be present in
photoreceptors (Kennedy and Voaden, '74; Orr et al., '76;
Yates and Keen, '761, which did not become labeled. High
concentrations of the taurine antigen in vitro was also
needed to eliminate the GABA irnmunoreactivity of the
horizontal and amacrine cells in the retina. It therefore
seems very unlikely that tissue taurine could falsely appear
as GABA. Similarly, beta-alanine cross-reacts only weakly
with our antibodies. Moreover, it is not a strong neurotransmitter candidate in the retina, where it has not been reported to be present. Finally, in these tests, all immunoreactive neurons disappeared at the same dilution, as
expected if they all contain one and the same antigen.
Another important test for the specificity of the staining
is a comparison of how well the present observations with
the GABA antibody fit with results obtained with other
methods. As recently reviewed (Bolz et al., '85; Yazulla,
'86); there is much evidence of a morphological, physiological, and pharmacological nature that indicates GABA neurons to be present among horizontal cells in nonmammalian species and among amacrine cells of all animals. Precisely the same cell types have in this study been
found to display GABA immunoreactivity. The direct comparison performed here showed that in the skate and in
man, GAD and GABA immunoreactivities agreed very well,
and the cell types immunoreactive for GAD in frog, bird,
and rabbit were also immunoreactive for GABA. There
seem to be reasons to assume that the GABA antibodies
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Fig. 6. GAD (A) and GABA (I3immunohistochemistry of human retina.
Immunoreactive amacrine cells can be seen both with the GAD and the
GABA antibodies, together with processes throughout the inner plexiform
layer. There is a n immunoreactive cell also in the ganglion cell layer in the
GAD picture frame. There is no immunoreactivity in the outer plexiform
layer. Designation of layers a s in Figure 1. PAP immunohistochemistry,
formaldehyde fixation for the GAD demonstration, combined glutaralde~
hyde and formaldehyde fixation for the GABA demonstration. A, phasecontrast micrograph, X720; B, r720.

demonstrate GABA neurons, although in this study the
number of GAD- and GABA-immunoreactive neurons did
not match in all species. Our results agree well with previous experience from the brain, where GABA antibodies
purified by immunoadsorption have been found to give
reliable results (Storm-Mathisen and Ottersen, '83; Storm
Mathisen et al., '83; Ottersen and Storm-Mathisen, '84;
Seguela et al., '84; Ottersen et al., '86). Based on the present
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and previous studies (Agardh et al., '86; Mosinger and Yazulla, '85; Mosinger et al., '861, we find it reasonable to
presume the same validity in the retina.
In frog, pigeon, chicken, and rabbit, the GABA-immunoreactive neurons are clearly more numerous than are the
GAD-immunoreactive ones, and there are also differences
in the sublayering of the inner plexiform layer in frog,
pigeon, and chicken. The sublayering was usually less
prominent with the GABA antibody than with the GAD
antiserum, and we presume that this is because more neuron types with different distributions of their processes
were stained. Other explanations are possible, for instance
a n axonal transport of GAD away from the cell nucleus,
which concentrates the enzyme in the synaptic terminals.
Differences between the GAD and GABA immunoreactivities are not restricted to the retina but have been seen in
the brain of rats and mice (Ottersen and Storm-Mathisen,
'84). The GAD antibody therefore appears not to demonstrate all GABA neurons, or, alternatively, the GABA antibody stains more than just GABA-releasing neurons. We
are currently unable to pinpoint exactly the appearance of
the neurons demonstrable with the GABA antibodies but
not with the GAD antibody, because we do not have access
to antibodies that give good discrimination of the GAD and
GABA antigens in double-labeling experiments.
Our results with the GAD antibody are in accordance
with previously published observations in the frog, chicken,
rabbit, and monkey with different antibodies (Brandon et
al., '79; Brandon et al., '80; Brecha, '83; Brandon, '85;
Hendrickson et al., '85). GAD occurs as at least three isoenzymes (see, for example, Spink et al., '83; de Mello, '84; Wu
and Martin, '84; Denner and Wu, '851,and different GAD
antisera give somewhat differing distributions of the immunoreactivity in the same species (see, e.g., Barber and
Saito, '76; Lam et al., '79; Vaughn et al., '81; Wu et al., '81;
Lin et al., '83; Zucker et al., '84; Brandon, '85). Therefore,
it seems possible that our GAD antibody may not recognize
all GAD isoenzymes. However, we cannot exclude that
GABA may occur with only some indirect connexion to
neurotransmission-like uptake from the synaptic cleft or
perhaps without any connexion at all. As always in immunohistochemistry, the possibility also remains that the antibodies may not be as specific as presumed, although our
controls do not suggest any such problem.
The morphology of the GABA-immunoreactive horizontal
cells is not readily compared with the cell types described
with silver impregnation methods, because immunohistochemistry demonstrates all cells at the same time, forming
a tight network of processes, whereas silver stains show the
cells one by one, In this study, the GABA-immunoreactive
horizontal cells are usually comparatively large in frog, and
when identifiable, their processes form brush-like arrangements. This suggests that they may be of the inner horizontal cell type, or the H1 type in the terminology of Stephan
and Weiler ('81).In birds, it seems that the GABA-immunoreactive horizontal cells correspond best with the axonbearing horizontal cells of Gallego ('82).
Nischimura et al. ('85) described both GAD- and GABAimmunoreactive horizontal cells in the monkey retina. We
have not been able to observe, with certainty, any such cells
in the available parts of the human retina. It should be
emphasized though, that in a separate independent study
(Agardh et al., '87), both horizontal and bipolar-like immunoreactive cells could be demonstrated in the central part

of the human retina and less in the peripheral part. We
assume that the distribution of these cells varies in different parts of the retina.
The GABA-immunoreactive bipolar-like cells in the frog
retina represent an observation without precedence. It is
supported by our finding of similarly localized GAD-immunoreactive cells and by comparable findings in recent independent studies by Mosinger et al. ('86) and Osborne et al.
('86). These cells are not commonplace, and their identification is strongly dependent on the optical resolution being
good enough to trace their fine processes fully and on highly
specific antibodies being available. This was previously not
the case, though (3H)GABAuptake in bipolar-like cells has
been observed before in the frog Noaden et al., '74) and
more clearly in the mudpuppy (Pourcho et al., '84). We have
only seen these cells in the frog retina.
In the skate retina, some GABA-immunoreactive cells
sent processes towards the horizontal cells. These cells could
correspond to the GAD-positive interplexiform cells described by Brunken et al., ('86).
The function of the GABA neurons is largely unknown,
despite several studies. Generally speaking, GABA seems
to act as an inhibitory agent (review: Yazulla, '86). Based
on the morphological evidence presented here and in other
studies, one might suspect that GABA neurons influence
both ON and OFF pathways in the retina because GABA
processes occur both in the inner (ON) and outer (OFF)
sublayers of the inner plexiform layer. It would also appear
likely that GABA neurons influence functions in the outer
plexiform layer less in mammals than in other species, but
this remains to be substantiated in physiological experiments.
The GABA-immunoreactive bipolar-like cells observed in
the frog retina are distinctly different from interplexiform
cells, and we therefore presume that they send their signals
in the centripetal direction. However, if so, their function is
quite obscure. Common views on the signal processing in
the retina do not encompass the feed-forward inhibition
that these bipolar-like cells seem to imply.
The GABA antibodies demonstrate more neurons than
does the GAD antibody. We currently suspect this is because the GAD antibody may not demonstrate all GABA
neurons, but other explanations have not been excluded.
However, even though some questions may remain on the
details, the experiments presented here strongly support
the notion that GABA is a neurotransmitter in certain
semistratified amacrine cells of most (or perhaps all) species
and also in certain horizontal cells of most (or perhaps all)
nonmammalian species. The results also show that the
GABA antiserum is useful for demonstrating GABA neurons in several different species, not only after fixation with
a mixture of glutaraldehyde and formaldehyde, but also
after fixation in formaldehyde alone. The spatial resolution
of the immunohistochemical procedure is far better than
that of the autoradiographic techniques that previously
have been much in use. This improvement allowed the
detection of GABA-immunoreactive bipolar-like cells in
frog.
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