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ABSTRACT 
This paper reports the pattern of labeling in the cat superior colliculus 

produced by an antiserum raised against BSA-conjugated gamma aminobu- 
tyric acid (GABA) and visualized by light and electron microscope immuno- 
cytochemistry. Neuropil labeling was densest within the zonal and superficial 
gray layers but was also found in the deep layers. Neurons labeled by the 
GABA antibody were also most dense within the zonal and superficial gray 
layers, although many labeled neurons were also found in the deeper layers. 
The ratio of labeled to unlabeled cells varied from an average of 45% in the 
superficial subdivision and the intermediate gray layer to less than 30% in 
the deeper laminae. Almost all intensely labeled cells were small (mean 
area= 127 pm2) and had varied morphologies. 

Several types of labeled cell were observed with the electron microscope. 
One type had a horizontal, fusiform cell body and a deeply invaginated 
nucleus. Another type had a small round or ovoid cell body with cytoplasm 
clumped at  one end. Labeled cells with other morphologies were also occa- 
sionally seen. No labeled glial cells were found. Two types of vesicle-contain- 
ing dendrite were stained by the GABA antibody. One type had loose 
accumulations of small synaptic vesicles and often received input from 
retinal terminals. Another type had spines also containing small synaptic 
vesicles. Labeled dendrites without synaptic vesicles were also seen fre- 
quently. Putative axon terminals labeled by the GABA antibody had densely 
packed synaptic vesicles and formed symmetric synaptic contacts. Labeled 
myelinated axons were also commonly found. 

These results confirm those using uptake of tritiated GABA mize et al.: 
J. Comp. Neurol 202:385-396, '81, J .  Comp. Neurol, 206:180-192, '82) in 
that two of the same classes of GABA neuron, horizontal I and granule I 
cells, were identified in the superficial laminae. However, the GABA anti- 
serum used in this study also revealed a third class of GABA neuron with 
vesicle-containing spines. The antiserum also labeled a signifkant number 
of putative GABAergic neurons located in the deep subdivision of the cat 
superior colliculus which were not previously recognized by using transmit- 
ter autoradiography. 
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The presence of gamma-aminobutyric acid (GABA) in the and Fonnum, '83; Kvale et al., '831, and potassium-stimu- 
superior colliculus (SC) is well established. High concentra- lated release (Sandberg et al., '82; Sandberg and Corazzi, 
tions of both GABA and glutamic acid decarboxylase (GAD, '83). The pharmacological action of GABA in the SC is 
GABA's synthetic enzyme) have been demonstrated in SC inhibitory. Thus, application of GABA inhibits the response 
by biochemical assay (Fonnum et al., '79; Okada, '74, '76; 
Lund Karlsen and Fonnum, '78; Kvale and Fonnum, '83), 
high-affinity uptake (Lund Karlsen and Fonnum, '78; Kvale Accepted April 19,1988. 
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of some colliculus cells in both in vitro and in vivo prepa- 
rations (Kawai and Yamamoto, '67; Straschill and Perwein, 
'71; Okada and Saito, '79; Kayama et al., '80). 

The synaptic circuitry underlying this inhibition is com- 
plex. Putative GABAergic cells and processes have been 
located by high-affinity uptake of tritiated GABA and mus- 
cimol (Mize et al., '81, '82, '831, by GABA transaminase 
staining RJagai et al., '83), and by GAD immunocytochem- 
istry (Perez de la Mora et al., '81; Houser et al., '83). Triti- 
ated GABA is densely accumulated by many cells in the 
upper superficial gray layer, including two distinct types 
called horizontal I and granule I cells which can be distin- 
guished by soma shape, dendritic arbor, and density of 
synaptic input (Mize et al., '81, '82). By contrast, GAD 
antibody and GABA transaminase label very few cell bod- 
ies in the cat or rat superior colliculus (Nagai et al., '83; 
Houser et al., '83). Presynaptic dendrites (PSDs) and some 
axon terminals, are labeled by GAD antibody (Houser et 
al., '83) as well as by 3H GABA (Mize et al., '81, '82). 

The reason for these different labeling patterns is un- 
clear. Recently, it has been shown that GAD antibodies do 
not always label the same cells that accumulate 3H GABA 
(Zucker et al., '84; Mosinger and Yazulla, '85). Because anti- 
GAD labels far fewer neurons in the cat superior colliculus 
than 3H GABA, we have used another marker of GABA, 
an antibody raised directly against the transmitter, to com- 
pare its labeling pattern with that of the other two sub- 
stances. The GABA antibody labeled the same cells and 
processes as those which accumulate 3H GABA. However, 
the GABA antibody also labeled an  additional class of pu- 
tative GABAergic neuron in the superficial layers as well 
as numerous small neurons throughout the deep layers of 
the cat SC. 

MATERIALS AND METHODS 
Animals 

Gamma-aminobutyric acid (GABA) was localized in 21 
adult domestic cats by using immunocytochemistry. Seven 
of these cats were also injected with tritiated N-acetylated 
wheat germ agglutinin (3H WGA) in order to label retro- 
gradely GABA-positive cells projecting to the superior col- 
liculus. The results of these tracer injections are reported 
in another study (Ficalora and Mize, '88) and will not be 
dealt with further here. 

Perfusion and tissue processing 
All cats were perfused intracardially with aldehydes. The 

animals were artificially ventilated with 95% 02-5% Cog, 
injected with 1 cc of 1% sodium nitrite and sodium heparin 
(1,000 units), and perfused through the ascending aorta. In 
18 animals, low concentrations of glutaraldehyde (4% para- 
formaldehyde-0.2-0.5% glutaraldehyde) were used to mini- 
mize nonspecific labeling. In three animals, higher 
concentrations of glutaraldehyde (2% paraformaldehyde-2% 
glutaraldehyde) were used to obtain optimal fixation for 
electron microscopy. All fixative solutions were buffered 
with a 0.1 M phosphate buffer (0.002% CaClz added). The 
different fixative concentrations had no effect on the gen- 
eral pattern of labeling observed in this study and the 
results from different animals were therefore combined. 

Following perfusion, the brains were removed and stored 
overnight in phosphate-buffered rinse (PBR). The midbrain 
of each cat was cut into 50-pm sections with an Oxford 

Instruments Vibratome. Following the histochemical pro- 
cedures, sections used for light microscopy were mounted 
on glass slides, dehydrated in a graded series of ethanols, 
cleared in xylene, and coverslipped. 

The remaining sections were used for electron micros- 
copy. These were postfixed with 1% osmium tetroxide, en 
bloc stained in uranyl acetate, dehydrated in ethanols and 
propylene oxide, and embedded in Medcast-Araldite. Each 
section was then flat mounted on plastic slides and poly- 
merized in a 60°C oven. Thin sections were cut on a Sorvall 
MTSB ultramicrotome, mounted on Formvar-coated slot 
grids, and stained with a saturated solution of uranyl ace- 
tate and 0.1% lead citrate. 

Antiserum histochemistry 
The antiserum to GABA was conjugated to a carrier pro- 

tein in a manner similar to that originally reported by 
Storm-Mathisen and associates (Storm-Mathisen et  al., '83; 
Ottersen and Storm-Mathisen '84). The antiserum we used 
was obtained commercially from the Immunonuclear Corp. 
(Stillwater, MN) and was generated in rabbit against GABA 
conjugated to bovine serum albumin with glutaraldehyde 
(Maley and Newton, '85). Labeling was obtained by using 
the avidin-biotin-peroxidase complex (ABC) technique (Hsu 
et  al., '81). Tissue sections were rinsed in 2 x 10-minute 
changes of PBR and then incubated in a 1% sodium boro- 
hydride solution RJaBH4) for 30 minutes. The sections were 
again rinsed 2-3 x in PBR and then treated for 20 minutes 
in 2% normal goat serum (NGS). Sections were then incu- 
bated for 16-18 hours in the GABA antiserum diluted 
1:2,500 to 1:10,000 in  0.1 M PBR. Triton-X 100 (0.1-0.75%) 
or saponin (0.02-0.1%) was added to the antiserum to im- 
prove penetration. The highest concentrations of antiserum 
produced a light background labeling. However, the ratio 
of specific to background label was high at all concen- 
trations. 

Following incubation in primary antibody, the sections 
were rinsed for 45 minutes in PBR and then incubated for 
30 minutes in secondary antibody (biotinylated goat anti- 
rabbit IgG, Vector Labs, Burlingame, CA) to which 1% NGS 
was added. Sections were then rinsed for 45 minutes in 
PBR and incubated for 1 hour in avidin-biotinylated horse- 
radish peroxidase (Vector Labs). The sections were then 
rinsed in PBR for 45 minutes and treated with 0.05% 33' -  
diaminobenzidine tetrahydrochloride (DAB, Sigma Chemi- 
cal) in PBR with 0.003% hydrogen peroxide (HzOz). All 
sections were then rinsed in PBR before preparation for 
light or electron microscopy. 

Immunohistochemistry controls 
Adsorption controls were used to test for the specificity of 

the GABA antiserum. The adsorption control sections were 
treated identically to the other sections except that they 
were incubated in primary antiserum which had been 
preadsorbed with 500-1,000 pg per ml of GABA (Sigma 
Chemical) coupled to bovine serum albumin (BSA) by glu- 
taraldehyde. The control sections had a low homogeneous 
background staining with no specific fiber or cell staining. 
No densely stained GABA-positive cells were found in the 
substantia nigra, lateral geniculate nucleus, or SC in con- 
trol sections. Cells which did not normally stain positive 
for GABA sometimes did contain a light reaction product 
in control sections. 
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Specificity of the antiserum was also tested with an en- 
zyme-linked assay (ELISA) (Reger et al., '86). The ELISA 
demonstrated that the antiserum reacts most intensely to 
BSA-conjugated GABA and less intensely to other BSA- 
conjugated amino acids (glutamate, glycine, taurine) and to 
BSA-glutaraldehyde alone. However, the antiserum reacts 
very poorly to these other amino acids when conjugated to 
ovalbumin, indicating that the antiserum is specific to BSA- 
glutaraldehyde and GABA but not to other amino acids 
(Reger et al., '86). 

Specificity was also examined by labeling structures with 
known GABAergic cell populations. In the dorsal lateral 
geniculate nucleus, only small neurons were labeled by the 
Immunonuclear Gorp. antibody (Reger et al., '86). Virtually 
all neurons in the pars reticulata and pars lateralis of the 
substantia nigra were labeled (Ficalora and Mize, '88). In 
the cerebellum, stellate and basket neurons were densely 
labeled and Purkinje neurons were lightly labeled by the 
antibody while no granule cells were labeled (unpublished 
observations). The specificity of the antiserum has also 
been shown by Hendrickson et al. ('85), who found that it 
labeled the same cells as GAD antiserum, and by Maley 
and Newton ('851, who showed that Sepharose beads, cou- 
pled to GABA, are intensely labeled while beads coupled to 
other amino acids are labeled after incubation in the 
antibody. 

Data analysis 
The positions of all darkly labeled GABA-immunoreac- 

tive cells found in four sections of the superior colliculus 
from three animals were mapped with a computer-based 
light microscope plotter. The relative depth of each cell 
from the surface of the SC was computed by specially devel- 
oped software (Mize, '85a). Randomly selected cells whose 
depths had been determined with the microscope plotter 
were photographed at 4 0 ~  and printed on 8 x 10 photo- 
graphic paper at a magnification of approximately 1,700 X.  
The cross-sectional area, perimeter, average diameter, and 
form factor of these cells were measured from these photo- 
graphs by a computer-aided morphometric digitizing sys- 
tem (Mize, '85b). 

The density and ratio of anti-GABA-labeled cells in the 
superior colliculus were also estimated. The number of cells 
found within a square graticule mounted in the eyepiece of 
the light microscope was counted in three sections labeled 
by the GABA antiserum and in three sections stained with 
thionin. The three sections represented, respectively, ros- 
tral, middle, and caudal coronal levels through the superior 
colliculus. The thionin-stained sections were adjacent (or 
nearly adjacent) to the GABA-labeled sections taken from 
the same cat. Adjacent sections were used because the 
thionin did not stain regions of the tissue containing dense 
immunoreactivity . 

In each section, cell counts were taken from each of ten 
scans through the central one-half of the colliculus. Within 
each scan, the number of cells were counted in each of 15 
adjacent squares through the dorsal-ventral extent of the 
colliculus. Counts were made by using a 40x objective, at 
which magnification the square graticule covered 183 pm2. 
The density of GABA-antiserum-labeled cells in the immu- 
nohistochemical sections and of total cells in the thionin 
sections was expressed as the number of cells per 183 pm2. 
The number of unlabeled cells was determined by subtract- 
ing the number of GABA-labeled cells from the total cells. 

The ratio of GABA-labeled to -unlabeled cells was deter. 
mined by dividing the number of GABA cells by the num. 
ber of total cells and multiplying by 100. 

RESULTS 
GABA antibody distribution in the superior 

colliculus 
GABA immunoreactivity was found throughout the cat 

superior colliculus (Fig. 1). Neuropil labeling was densest 
within the zonal and superficial gray layers, but labeling 
was also found throughout the deep layers of the colliculus. 
There were few obvious rostrocaudal differences in labeling 
except that the dense superficial labeling was thicker in 
more caudal sections of the colliculus (Fig. lC,D). This 
appears to be related to the increase in thickness of the 
dense band of retinal synaptic terminals found in more 
caudal sections of the cat colliculus (Mize, '83a, '83b). 

Neuropil labeling included both densely labeled dendrites 
and myelinated axons (Figs. 2 4 ) .  In the superficial subdi- 
vision (zonal, superficial gray, and optic layers), these pro- 
cesses were all relatively thin and included a large number 
of immunoreactive puncta interpreted to be axonal termi- 
nals or spines (Fig. 2). In the deep subdivision (below the 
optic layer), the neuropil labeling also consisted mostly of 
small-diameter dendrites and immunoreactive puncta (Fig. 
3). However, there were two features of neuropil labeling in 
the deep layers which distinguished them from the superfi- 
cial layers. Very thick axons were occasionally observed in 
the deep layers, especially within the stratum album pro- 
fundum and the colliculus commissure (Fig. 4A). In addi- 
tion, immunoreactive puncta frequently surrounded large, 
unlabeled neurons in the deep layers (Fig. 4B), a feature 
not seen in the superficial layers. 

GABA-antibody-stained neurons 
Numerous cell bodies were labeled by the GABA anti- 

serum (Figs. 1-3). The greatest number of labeled cells was 
found within the zonal and superficial gray layers (Fig. 2A). 
Of a total of 2,062 plotted cells from four sections, 51% were 
located within the upper 600 pm (zonal and superficial gray 
layers), 27% were 600-1,200 pm deep (optic layer), 14% 
were 1,200-1,800 pm deep (intermediate gray layer), and 
7% were found beneath that layer. The random sample of 
351 labeled neurons used to measure cell geometry had a 
similar distribution in depth (Fig. 5). 

The density (number per unit area) of anti-GABA-labeled 
cells also varied in different laminae. Labeled cell density 
was highest in the zonal and Superficial gray layers and 
decreased progressively in more ventral layers (Fig. 6), 
being less than one-tenth as dense in the stratum album 
profundum as in the zonal and upper superficial gray lay- 
ers. Much of this decrease in density was due to a corre- 
sponding decrease in the density of the total population of 
neurons in the more ventral layers of the colliculus. When 
adjusted for total neuron density, the percentage of anti- 
GABA cells was, in fact, relatively constant throughout the 
superficial subdivision and the intermediate gray layer. In 
these layers, an average of 45% of all cells were labeled 
(range of 39-54%, Fig. 6). This percentage decreased to 
around 25% below the intermediate gray layer and was 
only 9% in the deepest 183 pm (stratum album profundum). 
Although these data are estimates taken from adjacent 
sections, they show that GABA neurons are a substantial 
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Fig. 1. Distribution of GABA-like immunoreactivity in the cat superior to caudal sequence of coronal sections. All sections were 50 pm thick. Scale 
colliculus (SC). Note the more intense neuropil labeling within the upper bar = 1 mm. 
layers. Labeled neurons can be seen throughout all laminae. A-D: Rostra1 

proportion of the total cell population throughout the cat 
superior colliculus. 

Anti-GABA-labeled neurons varied in both size and shape. 
Virtually all of the labeled neurons were small to medium 
sized, ranging from 55 to 456 pm2 in cross-sectional area 
(8-26 pm average diameter) with a mean of 127 pm2 (13 pm 
average diameter, Fig. 7). No relationship was found be- 
tween cell size and depth within the colliculus. Unlike the 
cell population as a whole, anti-GABA-labeled neurons in 
the deeper laminae of the colliculus were as small as those 
found in the superficial layers (Fig. 8). 

The morphology of anti-GABA-labeled neurons, on the 
other hand, was heterogenous (Fig. 9). In the superficial 
layers, a small number of labeled cells had obvious horizon- 
tal fusiform cell bodies with horizontally oriented dendrites 
(Figs. 3A,B, 9A,B). These cells were almost always located 
within the upper superficial gray layer. They were seen 
frequently within the most rostra1 colliculus but were rela- 
tively rare in more caudal sections. Other labeled neurons 
had granule morphologies with small pyriform (Fig. 9C-E) 

or round (Fig. 9F) cell bodies and slender dendrites. The 
small round cells were by far the most common variety 
observed. A few larger cells with multipolar dendrites were 
also labeled by the GABA antiserum. 

Most of the anti-GABA-labeled neurons in the deeper 
layers also had small round or ovoid cell bodies (Fig. 3A,C), 
similar to those in the superficial layers. Labeled horizontal 
cells in the deep layers were very rare (Fig. 4B), as were 
cells with obvious pyriform morphologies. The few labeled 
cells that had labeled proximal dendrites appeared to have 

Fig. 2. GABA-antiserum-stained cells in the superftcial subdivision of 
the cat SC. A: Labeling in the zonal, superficial gray, and optic layers. 
Asterisk indicates the region illustrated in B. B: Higher-magnification view 
of labeling in  the superficial gray layer. Arrowhead points to a typical 
horizontal cell, also illustrated in A (arrowhead). C: Higher-magnification 
view of labeling in the optic layer. Note the smaller number of labeled cells 
compared to B. zl = zonal layer; usgl = upper superficial gray layer; dsgl = 
deep superficial gray layer; 01 = optic layer. Scale bars: A = 500 pm; B,C = 
100 pm. 
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Figure 2 
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Figure 3 
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a multipolar or stellate morphology (Fig. 9G). Other than 
the paucity of horizontal and pyriform cells, the cells in the 
deep layers were not conspicuously different in morphology 
than those in the superficial layers. 

Ultrastructure of GABA labeled neurons 
GABA-immunoreactive neurons were also identified with 

the electron microscope (EM). Some of these labeled neu- 
rons had horizontal fusiform cell bodies, a thin rim of cyto- 
plasm, and deeply invaginated nuclei (Fig. 1OA). Other 
labeled neurons had small round cell bodies, sparse cyto- 
plasm, and eccentric nucleoli (Fig. 10B). These cells almost 
certainly correspond to the horizontal I and granule I cells 
which have been shown to accumulate 3H GABA and mus- 
cimol (Mize et al., '81, '82, '83). Neurons with different 
morphologies were also labeled by the antibody. However, 
given the small sample of neurons labeled in EM sections, 
it was not possible to specifically characterize other cell 
types. The EM material did show clearly that glia were 
never stained by the GABA antiserum (Fig. 10A,C). This 
result differs from that obtained with 3H GABA and mus- 
cimol, both of which are accumulated by astrocytes and 
satellite oligodendrocytes (Mize et al., '81, '83). 

Ultrastructure of labeled processes 
Several types of process were labeled by the GABA anti- 

serum at the EM level. 1) Presynaptic dendrites. Processes 
containing loose clusters of synaptic vesicles were com- 
monly labeled by the GABA antibody. Many of these were 
identified as presynaptic dendrites (PSDs) because they 
were postsynaptic to axon terminals which contained large 
round synaptic vesicles and pale mitochondria (Fig. 11A,B), 
features which are characteristic of retinal terminals in the 
cat SC (Sterling, '71; Mize, '83a,b). Presynaptic dendrites 
with these features have been described consistently in the 
normal SC of several species (Lund, '69; Sterling, '71; Val- 
verde, '73; Tigges and Tigges, '75; Hunt and Kunzle, '76; 
Streit et al., '78). The labeled PSD profiles had small round 
or ovoid synaptic vesicles and sometimes formed synaptic 
contacts with unlabeled dendrites, resulting in serial syn- 
aptic arrangements. 2) Spinous dendrites. Labeled den- 
drites which had spinelike appendages were also observed 
(Fig. 12A). These spines contained small pleomorphic syn- 
aptic vesicles and established synaptic contacts with other 
processes (Fig. 12B). These spine-bearing dendrites are typ- 
ical of granule III cells previously identified by serial sec- 
tion reconstruction (Mize et al., '82). 3) Conventional 
dendrites. Dendrites without spines or synaptic vesicles 
were also labeled by the GABA antiserum (Fig. 12C,D). The 
reaction product found in dendrites coated the surface of 
microtubules as well as the outer membrane surfaces of 
mitochondria. 4) Axon terminals. Many putative axon ter- 
minals were also GABA immunoreadive (Fig. 13). These 

Fig. 3. GABA-antiserum-stained cells in the deep subdivision of the cat 
SC. A: Labeling in the intermediate gray, intermediate white, and deep 
gray layers. The asterisk indicates the region illustrated in B; the arrow- 
head indicates that region illustrated in C. B: Higher-magnification view of 
labeling in the intermediate gray layer. Asterisk indicates the blood vessel 
also marked in A. Arrowhead points to a possible deep-layer horizontal cell. 
C: Higher-magnification view of labeling in the deep gray layer. The arrow- 
head marks the unlabeled cell also marked in A. igl = intermediate gray 
layer; dgl= deep gray layer. Scale bars: A = 500pm; B,C = 100 pm. 

processes had small bulbous shapes with dense accumula- 
tions of small round or ovoid synaptic vesicles. These ter- 
minals were always presynaptic and always made 
symmetric synaptic contacts with postsynaptic profiles (Fig. 
13A-D). The synaptic vesicles were small and often ovoid 
in shape, but they rarely appeared dramatically flattened 
in our immunocytochemically stained material. It should 
be stressed that some unlabeled axon terminals adjacent to 
stained processes also contained pleomorphic vesicles, some 
of which were flattened (Fig. 13E). This result suggests 
that not all synaptic profiles with pleomorphic vesicles are 
GABAergic in the cat superior colliculus. 5) Myelinated 
axons. Many myelinated axons were also labeled by the 
antiserum. As with dendrites, the reacton product coated 
microtubules and the membrane surfaces of mitochondria 
(Fig. 13F,G). 

DISCUSSION 
We have used an antibody raised directly against BSA- 

conjugated GABA to label putative GABA-containing neu- 
rons and processes in the cat SC. Our results show that 
GABA immunoreactivity is concentrated in the zonal and 
superficial gray layers but is also found throughout all 
laminae of the SC. The gradient of GABA antibody labeling 
from superficial to deep is consistent with both biochemical 
assay (Okada, '74; Okada et al., '87) and receptor localiza- 
tion studies (Palacios et al., '81) which show that the dens- 
est concentration of GABA or GABA receptor binding oc- 
curs in the superficial layers with lower concentrations 
found deeper. 

Our results also show that the density of GABA-labeled 
neurons decreases progressively from the superficial to the 
deep layers. However, the ratio of anti-GABA neurons to 
total neurons was relatively constant in the zonal, superfi- 
cial gray, optic, and intermediate gray layers, where the 
labeled cells on average represent about 45% of the total 
cell population. Because of variability in penetration in 
immunocytochemically treated sections, our percentages 
should be considered general estimates. The ratios were 
nevertheless reasonably consistent from section to section, 
which suggests that the constant relationship seen between 
the number of GABA cells and the total number of cells in 
those layers is an important organizational feature of the 
GABA system. This constant relationship has also been 
demonstrated in the tree shrew lateral geniculate nucleus, 
where the ratio of GABA-labeled to unlabeled neurons is 
uniform within all except the two most lateral laminae of 
that structure (Holdefer et al., '88). 

GABA neurons in the superficial layers 
Within the superficial layers, the cells labeled by the 

GABA antibody represent at least three separate types of 
neuron in the cat SC, as shown in the circuit diagram in 
Figure 14. The horizontal fusiform cells labeled in this 
study undoubtedly correspond to horizontal I cells identi- 
fied by serial section reconstruction and labeled by 3H 
GABA (Mize et al., '82). Like horizontal I cells, horizontal 
cells labeled by the GABA antibody have fusiform cell 
bodies, deeply invaginated nuclei, and large-calibre den- 
drites which are distributed horizontally. When recon- 
structed from serial sections, horizontal 1 cells are shown to 
have presynaptic dendrites which contain punctate accu- 
mulations of synaptic vesicles. They receive a low density 
of synaptic input, much of it from visual cortex. Cells with 



Fig. 4. Anti-GABA labeling within the deep layers of the cat SC. A 
Large-diameter labeled fibers (arrowheads) within the deep white layer 
(stratum album profundum). Inset shows the density of label in the axon. 
B: GABA-immunoreactive processes within the intermediate gray layer. 

Note that many small anti-GABA labeled puncta (arrowheads) surround 
the soma of a large unlabeled predorsal bundle neuron. DWL = deep white 
layer; PAG = periaqueductal gray. Scale bars: A = 500 pm; B = 20 pm; 
inset = 20 pm. 
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Fig. 5. Histogram illustrating the depth of the 351 anti-GABA-labeled 

cells selected for morphometric measurement. The frequency distribution of 
these cells was similar to that of the total population of plotted GARA- 
immunoreactive neurons; 0-600 pm = zonal and superficial gray layers; 
600-1,200 pm = optic layer; 1,200-1,800 pm = intermediate gray layer; 
> 1,800 = below the intermediate gray layer. 

Fig. 7. Histogram illustrating the cross-sectional area of 351 cells in the 
cat SC stained by the GABA antiserum. 
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Fig. 6. Histogram illustrating the density and ratio of anti-GABA-la- 

beled and unlabeled neurons at different depths within the cat SC. Each 
depth unit equals 183 pm. The percentage of GABA-immunoreactive neu- 
rons ranged from a high of 54% in the optic layer to a low of 9% within the 
deep white layer. Note that the ratio of labeled to unlabeled cells is rela- 
tively constant within the superficial layers and the intermediate gray 
layer (upper 10 depth units) and decreases gradually below that layer. 

this morphology are also labeled by 3H muscimol (Mize et 
al., ’83). There is thus little doubt that they represent one 
major class of GABAergic neuron in the cat SC. 

A second major class of putative GABAergic neuron in 
the cat SC is the granule I cell (Fig. 14). Many of the small 
pyriform and round cells labeled by the GABA antibody 
probably correspond to granule I cells identified in serial 
reconstructions and labeled by 3H GABA (Mize et al., ’82). 
These cells have slender, obliquely oriented dendrites which 
apparently do not contain synaptic vesicles. Granule I cells 
do have axons which Drobablv kve  rise to at least some of 

0 500 1000 1500 2000 2500 3000 

DEPTH (pM) 

Fig. 8. Scattergram illustrating the relationship between the cross-sec- 
tional area of 351 anti-GABA-labeled cells and their depth within the SC. 

possibly deeper layers of the colliculus. They have a mod- 
erate synaptic input density, very little of which comes from 
visual cortex. 

A third type of neuron, the granule I11 cell (Fig. 141, was 
shown in serial reconstructions to have somatic and den- 
dritic spines containing synaptic vesicles (Mize et al., ’82). 
Granule 111 cells were the only reconstructed cell type which 
had vesicle-containing spines. These cells therefore must be 
the same cells as those identified in the present study which 
had dendrites with vesicle-containing spines. The granule 
111 cell type was not previously identified as GABAergic 
because it accumulated significantly less 3H GABA than 
the horizontal I and granule I cell types (Mize et al., ’82). 
Reexamination of these data, however, shows that the mean 

the labeled axon terminals s&nin the superficial gray and labeling density (grains per unit soma area) of granule III 
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Fig. 9. Morphologies of neurons labeled by the GABA antiserum, A,B: 
Horizontal neurons found within the superficial gray layer. C-E: Pyriform- 

like granule neurons within the superficial gray layer. F: Small round 
neurons. G: Larger multipolar neuron. Scale bar = 10 pm. 
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Fig. 10. Ultrastructure of anti-GABA-labeled cells within the cat SC. A 
Horizontal cell with a fusiform cell body, thin rim of cytoplasm, and deeply 
invaginated nucleus. B: Small round granule cell with thin rim of cyto- 

plasm, eccentric nucleolus. C: Two unlabeled glia, a protoplasmic astrocyte 
(left) and an intrafascicular oligodendrocyte. Note also the unlabeled satel- 
lite oligodendrocyte in A (asterisk). Scale bars = 1 fim. 



Fig. 11. F’resynaptic dendrites (psd) in the cat SC stained by the GABA 
antiserum. Both labeled profiles contain round synaptic vesicles that are 
loosely distributed within the profile. Retinal terminals (rt) containing pale 

mitochondria form assymetric synaptic contacts (arrows) with these psd 
profiles. Scale bar = 1 pm. 



Fig. 12. GABA-immunoreactive dendrites (d) in the cat SC. A: GABA- Conventional dendrites without synaptic vesicles. Note that the reaction 
immunoreactive dendrite with ball-on-stalk spine (s, arrow). B: Adjacent product stains microtubules densely. Scale bars: A,C,D = 1 pm; B = 0.5 
section of the spine in A showing scattered synaptic vesicles, some of which pm. 
are flattened. An apparent synaptic contact is also visible (arrow). C,D: 
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Fig. 13. Anti-GABA labeling of axons in the cat SC. A-D: Small bulbous 
profiles labeled by t.he GABA antiserum. The terminals contain relatively 
dense accumulations of small round and ovoid synaptic vesicles. The syn- 
aptic densifications are symmetric (arrows). E: Profile containing pleo- 

morphic vesicles which is not labeled by the antiserum but which contacts 
a labeled dendrite (arrow). F,G: Examples of myelinated axons stained by 
the antiserum. Scale bar = 0.5 p i .  



GABA IMMUNOREACTIVITY IN THE CAT SUPERIOR COLLICULUS 183 

cells was over twice that of any other unlabeled recon- 
structed neuron. Because the dendrites with vesicle-con- 
taining spines were clearly labeled by the GABA antibody 
in the present study, the granule 111 cell must be considered 
a third type of GABAergic neuron in the cat SC. 

Function of GABA cell types 
The function of these GABAergic neurons is not under- 

stood. In view of the inhibitory action produced by iontopho- 
retic application of GABA in this region of the SC (Straschill 
and Penvein, '71; Kayama et al., '801, it is likely that these 
neurons inhibit other neurons within the superficial layers. 
In support of this interpretation, some cells in the superfi- 
cial layers are known to generate secondary IPSPs follow- 
ing initial EPSPs to optic tract or other stimulation 
(Takahashi et al., '77; Takahashi and Ogawa, '78; Grantyn 
et al., '84). Given the distinctive morphologies of these three 
cell classes, they must serve different forms of inhibition. 

Horizontal cells in SC apparently have an axon (Ram6n 
y Cajal, '11; Langer, '76; Mooney et al., '85) as well as 
presynaptic dendrites (Valverde, '73; Tigges and Tigges, 
'75; Mize et al., '82). Recent intracellular recording studies 
report that horizontal cells generate action potentials (Tak- 
ahashi and Ogawa, '78; Ogawa and Takahashi, '81; Mooney 
et al., '85) but not IPSPs (Takahashi et al., '77; Takahashi 
and Ogawa, '78). According to Ogawa and Takahashi ('Bl), 
horizontal cells in cat are driven monosynaptically by slowly 
conducting retinotectal fibers, probably from W-like retinal 
ganglion cells. These results contrast with our failure to 
find retinal axon terminals synapsing on the somata or 
proximal dendrites of horizontal I cells (Mize et al., '82). It 
seems unlikely that we could have missed a significant 
retinal input to these cells, so such input must terminate 
on the more distal dendrites of these neurons which we did 
not reconstruct. This interpretation is consistent with our 
present finding that GABA-immunoreactive presynaptic 
dendrites, which presumably arise at least in part from 
horizontal cells, frequently receive synaptic input from ret- 
inal terminals. Horizontal I cells also receive significant 
input from areas 17 and 18 of visual cortex (Fig. 14 and 
Mize et al., '82). This suggests that these cells may have 
directionally selective receptive fields because this property 
is thought to be derived from visual cortex Wickelgren and 
Sterling, '69; Rosenquist and Palmer, '71; Mize and Mur- 
phy, '76). However, this property has not yet been demon- 
strated for this cell class in the cat. 

Beyond these facts, little is known of the horizontal cell's 
function in the SC. The dendritic distribution of these cells, 
which extends for several millimeters across the surface of 
the colliculus &anger, "76), is well suited to generate lateral 
inhibition, possibly the remote inhibition described in the 
cat SC by Rizzolatti et al. ('74). Documentation of the rela- 
tionship between remote inhibition and horizontal cell 
function awaits futher pharmacological and physiological 
study. 

The function of granule I and granule I11 cells is also 
unknown. In cat, Langer ('76) describes a large number of 
pyriform cells in the upper superficial gray layer which 
have pear-shaped cell bodies, axons, and a small number of 
thin primary dendrites, many of which ramify above the 
cell body. These cells look remarkably like the pear-shaped 
pyriform cells labeled in this study and may correspond to 
granule I cells (Mize et al., '82). Pyriform cells in rabbit 
generate spikes in response to optic nerve stimulation, but, 
like horizontal cells, do not generate IPSPs (Takahashi and 

Ogawa, "78). Langer also describes small stellate cells in 
the superficial gray layer of the cat which have axons and 
small-caliber dendrites with somatic and dendritic spines. 
These stellate cells may correspond to our granule III cells, 
which have both somatic and dendritic spines containing 
synaptic vesicles (Mize et al., '82). The receptive field prop- 
erties of these cells are unknown. 

Too little is known of the dendritic fields of granule I and 
111 cells to be able to correlate their morphology unequivo- 
cally with that of Golgi- or HRP-filled neurons. If, as we 
suspect, the granule I and granule I n  cells have limited 
dendritic fields and locally ramifying axons, they could be 
responsible for spatially localized forms of inhibition, such 
as the spatially localized secondary response inhibition de- 
scribed by McIlwain and Fields ('71). 

Which cells within the superficial gray layer receive in- 
puts from these GABAergic neurons is also largely un- 
known. One class that receives significant GABAergic input 
is the vertical fusiform cell (Fig. 14). In our serial recon- 
structions, we found a number of 3H-accumulating axon 
terminals contacting vertical fusiform cells within the su- 
perficial gray layer (Mize et al., '82). Consistent with this, 
Takahashi and Ogawa ('78) report that all cells in the 
rabbit SC which responded to optic nerve stimulation with 
prolonged secondary IPSPs were narrow-field vertical cells. 
In addition, Kayama et al. ('80) found that some narrow- 
field vertical cells are readily suppressed by iontophoretic 
application of GABA. This class of projection neuron is 
therefore almost certainly influenced by GABAergic inhi- 
bition. What other classes of projection neuron are inhib- 
ited by GABA remains to be determined. 

GABAergic immunoreactivity in the deep layers 
Our results also demonstrate a large number of GABA- 

immunoreactive neurons within the deep layers of the SC. 
This is hardly surprising given the significant quantities of 
GABA found in the deep layers of the cat colliculus, which 
is estimated to be about 65% of that found in the superficial 
layers (25 mM GABA per kg dry wt. of tissue compared to 
39 mM in the upper superficial gray layer, Okada et al., 
'87). The large number of antibody-labeled neurons found 
in the deep layers of the SC may represent yet other types 
of GABA cell or the same types seen in the superficial 
layers. Our results show that the GABA-labeled cells in the 
deep layers are small cells whose morphologies are not 
obviously different from those in the superficial subdivi- 
sion, although there are fewer obvious horizontal and pyri- 
form cells. Golgi studies illustrate a large number of small 
neurons scattered throughout the deep colliculus layers, 
including horizontal, multipolar, stellate, and pyriform 
morphologies (Sterling, '71; Langer, '76; Norita, '80). With- 
out serially reconstructing the GABA-labeled neurons in 
our study, it is difficult to determine how many distinct 
classes may be represented. Some of the small Golgi-filled 
cells found in the deep layers have locally ramifying axons 
Ganger, '76) and could therefore be the origin of some of 
the labeled axon terminals in this region. Both presynaptic 
dendrites and putative axon terminals with flattened vesi- 
cles are common in the deep layers (Norita and Sugimata, 
'79; Norita, '80) and their morphology does not appear to  be 
different from those profiles found in the superficial layers 
(Sterling, "71; Mize et al., '81, '82). In the absence of detailed 
reconstructions of GABA-immunoreactive cells in the deep 
layers, our impression is that they represent at least some 
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of the same cell types we have characterized more thor- 
oughly in the superficial layers. 

Neuropil labeling is also present throughout the deep 
layers. One source of GABAergic processes in the deep 
layers is undoubtedly the local axon collaterals and den- 
drites of the many small intrinsic neurons discussed in the 
previous paragraph. Some of the other GABA-containing 
axon terminals undoubtedly arise from extrinsic sources to 
the colliculus. One of these sources is the projection from 
the substantia nigra (Graybiel, '78; Grofova et al., '78; 
Edwards et al., '79; Beckstead et al., '81). This pathway is 
thought to be GABAergic because substantia nigra cells 
which project to the SC are stained by various markers of 
GABA (Oertel et al., '82; Araki et al., '84; Ficalora and 
Mize, '88). In addition, kainic acid lesions of the substantia 
nigra reduce GAD activity in the colliculus (Vincent et al., 
'78; Di Chiara et al., '791, and SC cells which are inhibited 
by substantia nigra stimulation are also inhibited by ion- 
tophoretic application of GABA or muscimol (Chevalier et 
al., '81; Hikosaka and Wurtz, '83)-an effect which can be 
blocked by bicuculline (Chevalier et al., '81; Hikosaka and 
Wurtz, '83, '85). 

The substantia nigra pathway to the SC gives rise to 
axon terminals with pleomorphic vesicles which terminate 
primarily on small dendrites, some of which are the distal 
dendrites of deep-layer efferent neurons (Behan et al., '87). 
A large number of axon terminals labeled by GAD or GABA 
antibodies also terminate on the somata and proximal den- 
drites of these efferent neurons (Lu et al., '85, and the 
present study). Most of these proximal terminals probably 
arise from sources other than the substantia nigra because 
the substantia nigra input is largely confined to small dis- 
tal dendites. In fact, the nigrotectal pathway is unlikely to 
be the major source of anti-GABA neuropil labeling within 
the deep layers because that pathway has been shown to 
terminate in discrete patches within the deep layers (Gray- 
biel, '78) while our results provide no hint of patchlike 
labeling in these layers. One of the other sources may be 
the commissural pathway from the contralateral colliculus 
(Edwards et al., '79). 

Comparison with autoradiographic uptake studies 
This is the first study to report such a broad distribution 

of putative GABAergic cells in the deep layers. It is there- 
fore important to explain the apparent discrepancies with 
grevious studies. Mize et al. ('81) reported that almost all 
H-GABA-accumulating neurons were located within the 

zonal and superficial gray layers. The few labeled cells 
found in deeper laminae were interpreted to be glia. We 
believe that this earlier study underestimated the numbers 
and distribution of GABA cells in the cat colliculus. It 
seems likely that many deeper cells did not accumulate 3H 
GABA because very little of the substance reached the deep 
laminae (see Fig. 2 of Mize et al., '81). A more recent study 
from our laboratory (Mize et al., '83) has shown that the 
distribution of cells accumulating 3H muscimol, an agonist 
to GABA, is dependent upon the depth of the injection site. 
Injections in the superficial layers produced cellular label- 
ing only in those layers. Deeper injections resulted in heavy 
uptake of muscimol by some deep-layer cells. There was 
also significant neuropil labeling in the deep layers after 
deeplayer injections of muscimol. 

The muscimol uptake pattern fits more closely the pat- 
tern of GABA antibody labeling found in the present study 
and emphasizes the problem of estimating labeled cell dis- 

tributions by using the in vivo uptake autoradiography 
technique. The amount of uptake (i.e., density of autoradio- 
graphic grains) is critically dependent upon both exposure 
time and the amount of the radiolabel available a t  a given 
site, and this varies along a gradient from the center of the 
injection site to its periphery. The number of estimated 
labeled cells will differ dramatically as one moves away 
from the center of the injection. There is also evidence that 
reuptake of 3H GABA occurs in cells which do not synthe- 
size the transmitter (Zucker et al., '84; Mosinger and Ya- 
zulla, '85). This is a particular problem in the cat SC, where 
two types of glia readily accumulate radiolabeled GABA 
Wize et al., '81, '82). These glial cells are not labeled by the 
GABA antibody, which suggests that the GABA is rapidly 
broken down either before or just after it is accumulated by 
those cells. Because the GABA antibody does not label 
these glia, it may be a marker specific to neurons which 
synthesize GABA and/or which contain much higher quan- 
tities of the transmitter. It is also possible that some 
GABAergic cells do not have a high-affinity reup 
take mechanism for GABA, and this may also explain 
the absence of 3H GABA labeling in the deep layers of the 
superior colliculus. 

One potential advantage of 3H GABA as a marker of 
GABAergic cells is that different cell classes may accumu- 
late different amounts of GABA. This phenomenon has 
been shown in the retina, where different types of amacrine 
cell accumulate different grain densities (Freed et al., '83). 
This is also suggested by our earlier study, which found a 
consistently lower density of autoradiographic grains in 
granule I11 cells than in other GABA-accumulating cell 
types (Mize et al., '82). However, it also illustrates the 
problem of determining which autoradiographic grain den- 
sity is representative of GABAergic cells, because we failed 
in the earlier study to identify granule I11 cells as putative 
GABAergic neurons. It remains to be determined whether 
different antibody-labeling intensities may also distinguish 
different cell classes, although a recent study in our labo- 
ratory has shown statistically reliable differences in the 
optical density of antibody labeling of cells in the perigenic- 
ulate nucleus compared to those in the dorsal lateral genic- 
ulate nucleus (Mize, '88). 

In conclusion, we have confirmed, by using an antibody 
directed against the inhibitory neurotransmitter GABA, 
that at least three cell types in the superificial gray layer 
are putative GABAergic neurons. In addition, we have 
shown that there are a large number of small neurons 
within the deep subdivision of the SC which are also labeled 
by the GABA antibody. The detailed synaptic relationships 
between these cells and the surrounding neuropil remain 
to be determined by EM serial section reconstruction. 
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