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Abstract 

The morphology and distribution of neuronal cell bodies and synapses that utilize y-aminobutyric 
acid (GABA) as a transmitter have been studied in Mczcaca dorsal lateral geniculate nucleus 
(dLGN), ventral lateral geniculate nucleus (vLGN), and reticular nucleus of the thalamus (RNT). 
These cells are identified by immunocytochemical staining for the antiserum to the enzyme that 
synthesizes GABA, glutamic acid decarboxylase (GAD) and visualized by the peroxidase-antiper- 
oxidase method for light and electron microscopy. 

In the dLGN, GAD-positive (GAD+) cell bodies are found in all layers and in the interlaminar 
zones. The neuropil is more heavily labeled in the laminar than the interlaminar zones, with the 
magnocellular layers being most densely labeled. In the vLGN no stained cell bodies are seen, but 
the neuropil is intensely GAD+, especially in the retinal input layer. The RNT is just the opposite, 
with many GAD+ neurons but sparsely labeled neuropil. 

The GAD+ neurons in dLGN have small cell bodies with a large infolded, unlabeled nucleus. 
GAD reactivity is found in the thin rim of cytoplasm and in the two to four thick, straight dendrites, 
and on the cytoplasmic surfaces of mitochondria, Golgi and membraneous cisternae, and vesicles. 

GAD+ synaptic profiles are found in both pre- and postsynaptic relationships in the dLGN. Some 
GAD+ profiles are both pre- and postsynaptic in the same section, suggesting that these are 
presynaptic dendrites. In the laminae, GAD+ presynaptic profiles are very commonly found within 
synaptic glomeruli where they lie postsynaptic to a retinal axon terminal and presynaptic to an 
unlabeled dendrite, which also receives input from the retinal terminal. Outside of glomeruli, 
individual GAD+ profiles are presynaptic to either labeled or unlabeled cell bodies and dendrites. 
Other GAD+ profiles are postsynaptic to unlabeled F or RSD-type terminals. Individual GAD+ 
profiles ending on unlabeled or labeled dendrites are found in the interlaminar zones. 

These data, when combined with previously published work on dLGN circuitry, suggest that 
GAD+ glomerular profiles are the presynaptic dendrites of the dLGN interneuron, whereas the 
individual GAD+ contacts arise from axons of RNT neurons. 

The primate dorsal lateral geniculate nucleus (dLGN) whose processes remain within the dLGN (reviewed by 
has been the subject of numerous studies that have Guillery, 1971; Wilson and Hendrickson, 1981). In mon- 
resulted in a substantial amount of information concern- key, more than 90% of the neurons are labeled after 
ing its structural organization. It appears to have two horseradish peroxidase injections into striate cortex, in- 
main neuronal types: projection cells that send their dicating that interneurons are present but scarce (Ogren 
axons to visual cortex, and intrinsic or interneurons and Hendrickson, 1976; Norden and Kaas, 1978). Several 
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dendritic appendages. These neurons have a locally ram- 
ifying beaded axon, or lack an identifiable axon. At the 
electron microscopic (EM) level, a corresponding cell 
type has been described that has a small soma, a large 
nucleus with an infolded nuclear membrane, and dendri- 
tic appendages that are both pre- and postsynaptic 
(LeVay, 1971; Pasik et al., 1973; Hamori et al., 1974). 
Although these authors are in general agreement that 
such cells are the same as those identified as interneurons 
in Golgi preparations, no combined EM-Golgi impreg- 
nation studies have been done to prove this claim di- 
rectly. This interpretation is further substantiated, how- 
ever, by studies which show that following removal of 
visual cortex, small neurons with presynaptic dendrites 
survive, whereas virtually all other neurons (i.e., striate 
cortex projection cells) degenerate, suggesting that these 
small cells do not have axons going to the destroyed 
cortex (Pasik et al., 1973; Dineen et al., 1982). 

The synaptology of the dLGN also suggests the pres- 
ence of interneurons. At the EM level, three main types 
of synapses are found. Two terminal types, called RLP 
and RSD, contain round vesicles and make asymmetric 
synaptic contacts (Guillery and Colonnier, 1970); their 
main sources are the axons of neurons in the retina and 
visual cortex, respectively (reviewed by Guillery, 1971; 
Wilson and Hendrickson, 1981). The third type, called F, 
contains pleomorphic or flat vesicles and makes symmet- 
ric contacts (Guillery and Colonnier, 1970). Other work 
has shown that there are at least two types of F profiles3 
with slightly different morphology and different origins. 
Some F profiles arise from axons originating outside of 
the dLGN (Ohara et al., 1980; Montero and Scott, 1981), 
whereas others contain ribosomes and also receive syn- 
aptic contacts, indicating that they originate from the 
presynaptic dendrites of the dLGN interneurons (Ralston 
and Herman, 1969; Wong, 1970; LeVay, 1971; Famiglietti 
and Peters, 1972; Lieberman and Webster, 1972; Lieber- 
man, 1973; Pasik et al., 1973; Hamori et al., 1974). 

Evidence for a dLGN interneuron also can be found in 
electrophysiological recording data that demonstrate ret- 
inally driven inhibition onto the projection neuron which 
is generated by a cell that cannot be antidromically 
driven from the cortex (Stevens and Gerstein, 1976; Du- 
bin and Cleland, 1977; reviewed by Burke and Cole, 
1978). Iontophoretic analysis of this inhibition indicates 
that it is mediated by y-aminobutyric acid (GABA) (Cur- 
tis and Tebecis, 1972). In cat dLGN, Sterling and Davis 
(1980) have shown that some small neurons specifically 
label with [3H]GABA in uiuo. These neurons are of the 
same size range as neurons which do not label after 
horseradish peroxidase injections into visual cortex 
(LeVay and Ferster, 1979), strengthening the likelihood 
that these cells are interneurons. In this same study, [3H] 
GABA also consistently labeled many F terminals, lead- 
ing these authors to suggest that the population of GA- 
BAergic intrinsic neurons gives rise to the F terminal 
type of the dLGN. However, other data have indicated 
that not all inhibitory interactions are mediated by dLGN 

’ The term synaptic terminal will be reserved for synapses of un- 
doubted axonal origin, and the term synaptic profile will be used for 
those which may be either axonal or dendritic in origin. 

interneurons. In rat, some inhibitory neurons that affect 
projection cell activity clearly lie outside of the dLGN; 
one such population is the marked inhibitory pathway 
originating in the neurons of the reticular nucleus of the 
thalamus (RNT) (Sumitomo et al., 1976; Burke and Cole, 
1978; Hale et al., 1982). In addition, Houser et al. (1980) 
have shown that most of the neurons in the RNT are 
positive for glutamic acid decarboxylase (GAD), the rate- 
limiting enzyme for GABA synthesis. 

On the basis of these anatomical and electrophysiolog- 
ical data, it now seems possible that there is a small 
number of intrageniculate GABAergic neurons, but that 
there are also one or more extrageniculate sources for 
GABAergic inhibition. We have investigated this possi- 
bility by studying the dLGN, RNT, and other regions 
adjacent to dLGN in the Old World monkey Mucaca, 
using light and EM immunocytochemistry based on a 
specific antiserum to GAD (Wu et al., 1973; Saito et al., 
1974; Wu et al., 1982). Numerous investigations have 
verified this approach for localization of GABAergic neu- 
rons and synaptic terminals (reviewed by Ribak et al., 
1981; Vaughn et al., 1981; Wu et al., 1982). We have found 
that monkey dLGN does contain a small population of 
GAD-positive (GAD+) somata and that the dLGN neu- 
ropil is richly supplied with GAD+ synaptic profiles. 
These profiles are all of the pleomorphic-flat type and 
many are synaptically related to, and show the same 
distribution as, the retinal input. We also find evidence 
for GAD+ presynaptic dendrites, suggesting that some 
of the GABAergic inhibition within the dLGN arises 
from an intrinsic population of interneurons. The RNT 
is the only adjacent nucleus containing GAD+ neurons, 
making it a likely second source of GABAergic input to 
dLGN. A preliminary report of this material has already 
appeared (Ogren et al., 1982). Similar findings have re- 
cently been described for GAD localization in rat dLGN 
(Ohara et al., 1983), and for [3H]GABA in the cat (Ster- 
ling and Davis, 1980). 

Materials and Methods 

Six Macaca fascicularis monkeys were used for light 
(LM) and EM immunocytochemical localization of GAD, 
the rate-limiting synthesizing enzyme for GABA. Anti- 
serum against purified GAD (Wu et al., 1973, 1982) was 
produced in rabbit and subjected to immunological test- 
ing for specificity (Saito et al., 1974; Wu et al., 1982). In 
addition, the specificity of the anti-GAD serum in im- 
munocytochemical studies has been demonstrated pre- 
viously in numerous regions of brains from several spe- 
cies, including monkey (McLaughlin et al., 1974; Barber 
and Saito, 1976; Houser et al., 1980; Hendrickson et al., 
1981; Ribak et al., 1981; Wu et al., 1982). 

One monkey received three injections (1 ~1 each) of 
colchicine (10 pg/).d) into the region of the dLGN under 
sodium thiamylal (Surital, Parke-Davis) anesthesia 24 hr 
before sacrifice in order to intensify GAD “staining” 
within somata and dendrites (Ribak et al., 1978). All 
animals were deeply anesthesized with barbiturate and 
were then perfused intracardially with 4% paraformal- 
dehyde in 0.1 M phosphate buffer (pH 7.4), containing 
0.05% sodium periodate and 0.34% lysine which were 
added immediately before use. The brains were postfixed 
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Sections for EM were treated for 30 min in 2% OsO+ 
dehydrated, and embedded in Epon. Selected areas of 
interest, such as labeled neuronal somata, were identified 
in semithin (1 c) sections, and then thin sections were 
cut either en face or perpendicular to the original block 
face. The perpendicular plane was favored because the 
large immunocytochemical reagents rarely penetrated 
more than 15 to 20 m into the tissue slice, which greatly 
limited the number of labeled sections that were obtained 
by en face sectioning. Thin sections were stained with 
uranyl acetate, either en bloc or on the grid, and with 
lead citrate on the grid. Some thin sections also were 
examined without uranyl and lead staining as a control 
to verify that electron-dense terminals identified as 
GAD+ had been produced by a specific combination of 
immunocytochemical reaction, diaminobenzidine and os- 
mium. 

Control tissue slices were run in parallel with every 
series. These consisted of either substituting normal rab- 
bit serum in place of the primary GAD antiserum or 
using no serum in place of the primary GAD antiserum. 
Control sections at both light microscopic and EM levels 
showed only a light background density that was homo- 
geneously distributed throughout the tissue (Fig. 1C). 

in the same fixative for 24 hr, and then blocks of thalamus 
were removed. Tissue for LM was infiltrated for 24 to 72 
hr at 8°C in phosphate buffer containing 30% sucrose, 
and then frozen serial sections were cut coronally at 20 
q on a sliding microtome. Tissue for EM was stored in 
10% sucrose-phosphate buffer at 8°C for 24 to 72 hr, and 
serial sections were cut coronally at 100 pm on a Vibra- 
tome (Oxford Instruments). 

Tissue preparation for LM and EM followed standard 
techniques for the indirect peroxidase-antiperoxidase 
method (Sternberger, 1979; Hendrickson et al., 1981; 
Vaughn et al., 1981). Briefly, tissue slices were incubated 
in primary GAD antiserum diluted 1:50 for EM or 1:200 
for LM in phosphate-buffered saline (PBS) containing 
1% normal goat serum and 0.1% Triton X-100 detergent 
which was used for all antiserum dilutions. Sections were 
incubated at 4°C for 16 to 36 hr for LM and 1 to 2 hr at 
room temperature for EM. Following a l- to 2-hr rinse in 
PBS containing 0.02% Triton X-100, the sections were 
incubated in goat anti-rabbit serum diluted 1: 10 for 30 to 
60 min at 37”C, rinsed 1 hr, incubated in rabbit peroxi- 
dase-antiperoxidase diluted 1:50 for 1 hr at 37°C and 
rinsed first in PBS and then in Tris buffer. Finally, the 
sections were reacted with 0.03% 3,3’-diaminobenzidine 
tetrahydrochloride (Sigma), and 0.0006% H202 in Tris 
buffer, pH 7.2, for 10 to 30 min and rinsed in PBS for 30 
min. Incubations which were done for longer times, in 
higher concentrations of Triton, or entirely at 37°C re- 
sulted in heavier labeling, but the quality of ultrastruc- 
tural preservation deteriorated under these conditions. 

For LM, reacted sections were mounted on glass slides, 
dehydrated, and coverslipped. Some sections were 
counterstained with cresyl violet before dehydration, but 
most were examined in the absence of counterstaining. 

Light microscopic observations 

Dorsal lateral geniculate nucleus. GAD+ immuno- 
reactivity is present throughout the dLGN in scattered 
cell bodies and within labeled fibers and punctate struc- 
tures in the neuropil; many of the latter have been shown 
to be synaptic profiles in our EM observations (see 
below). Although a few labeled cell bodies can be iden- 
tified in each section, almost all of the GAD immuno- 

Figure 1. Low magnification light micrographs showing the distribution of GAD labeling in the dorsal (dLGN) and ventral 
(uLGN) lateral geniculate nuclei (A and B). A control section incubated in normal rabbit serum exhibits only light background 
labeling (C). These coronal sections through the anterior dLGN in A and middle dLGN in B show GAD labeling concentrated 
within the laminar zones. Magnocellular layers 1 and 2 and the S-layers (S) appear more heavily labeled than parvocelhrlar layers 
3 to 6. All of the interlaminar zones are relatively lightly labeled. In addition, the vLGN is heavily GAD+, especially the central 
portion. M, medial; D, dorsal. X 12. 
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Figure 2. Higher magnification light micrographs of GAD labeling in the dLGN. A and B, the neuropil labeling within the 
magnocellular layers 1 and 2 is more dense than that of the interlaminar zones (ILZ). The outlined zone in A (X 132) containing 
two small GAD-labeled cell bodies (arrows) is shown in more detail in B (X 240). These neurons are densely labeled with GAD 
reaction product within the cytoplasm but not the nucleus. The neuropil is fiied with oval and round punctate GAD-labeled 
structures. C, This 1-w thick plastic section shows a small diameter labeled cell body (thick solid arrow) and its longitudinally 



The Journal of Neuroscience GAD in Monkey Geniculate 1249 

reactivity is located within the neuropil (Figs. 1 and 2). 
Much of the GAD+ neuropil labeling lies within the 
geniculate layers, rather than the interlaminar zones, so 
that the characteristic geniculate layering is apparent 
even in the absence of Nissl counterstaining (Figs. 1, A 
and B and 2A ). Neuropil labeling is found in magnocel- 
lular, parvocellular, intercalated and S laminae, but it is 
heaviest in the magnocellular layers. This distribution of 
GAD+ structures closely parallels the pattern of retinal 
input, which is restricted to the dLGN laminae (reviewed 
by Wilson and Hendrickson, 1981). It should be empha- 
sized, however, that a sparse neuropil labeling for GAD 
is always present within all of the interlaminar zones 
(Fig. 2, A and B). 

A few GAD+ cell bodies are found within all layers, 
but the majority of cells remain unlabeled, even after 
colchicine pretreatment to intensify cell body staining 
(Ribak et al., 1978). In the magnocellular layers, the 
reactive neurons appear to be more densely labeled and 
may be more numerous than in the parvocellular layers, 
making them more easily detected (compare Fig. 2B with 
2E). Glial cells do not show GAD reactivity. Perikaryal 
labeling consists of a uniformly dense, brown reaction 
product within a thin rim of cytoplasm that surrounds a 
pale, unstained nucleus containing a single nucleolus. 
These GAD+ cells give off two to four thick, straight, 
proximal dendrites that branch at some distance from 

the cell body (Fig. 2, C to 3’) resembling type C cells of 
Wilson and Hendrickson (1981) or type Dl neurons of 
Saini and Garey (1981). GAD+ dendrites sometimes 
cross laminar boundaries into interlaminar zones (Fig. 
2F). Within the interlaminar zones and S layers labeled 
cell bodies are less frequently encountered but do occur 
(Fig. 2F). 

GAD reactivity in the neuropil appears to be heavier 
in the magnocellular layers than parvocellular layers 
(compare Fig. 2B with 2E). It is not clear whether this 
is due to the presence of more labeled fibers, a greater 
density of GAD labeling, or larger diameter fibers and 
terminals. At high magnification, thin, lightly labeled 
fibers are sometimes observed connecting rows and arcs 
of labeled puncta, forming beaded fibers, but more often 
the intervening spaces are unlabeled. Neuropil labeling 
within the interlaminar zones is of the same general 
morphology as that within the laminar zones, although 
it is more sparse. Occasionally GAD+ puncta are found 
directly contacting the surfaces of cell bodies, which may 
be either unlabeled or GAD+ (Fig. 2C). 

Ventral lateral geniculate nucleus and reticular nu- 
cleus of the thalamus. The pregeniculate, or vLGN, 
appears to contain no labeled neuronal somata but is rich 
in a dense and intensely reactive GAD+ neuropil (Figs. 
1A and 3). The vLGN is clearly divided into two zones 
by GAD immunostaining; an outer zone is less densely 

Figure 3. GAD labeling in the ventral lateral geniculate ( uLGN). A, Dense GAD labeling is localized within the central zone, 
with lighter labeling in the surrounding layers of the vLGN. The layer of densest label (arrow) overlaps the zone of retinal input. 
Note that even the lightest labeling in the vLGN is equal to or heavier than that in the adjacent dorsal lateral geniculate (dLGN; 
also see Fig. 1A) (X 32). B, This higher magnification photomicrograph shows the dense GAD reactivity in the neuropil that is 
suggestive of large synaptic profiles. No labeled cell bodies have been found in the vLGN (X 1,680). 

sectioned proximal dendrite (thin arrow). Two neighboring unlabeled cell bodies (open arrows) are also shown, one of which 
may be contacted at its surface by a labeled synaptic profile (arrowhead). Other labeled puncta, presumably synaptic profiles, are 
scattered throughout the neuropil but are absent from regions of myelinated fiber bundles (M) (X 260). D, This l-am thick plastic 
section shows another example of a labeled small neuron (thick arrow) and a longitudinally sectioned dendrite (thin arrows). 
Note densely stained GAD+ puncta in the surrounding neuropil (X 260). E, A labeled parvocellular neuron (thick arrow) and 
labeled neuropil elements from a frozen section are shown for comparison with the magnocellular labeling in B (X 240). F, Camera 
lucida drawings of GAD+ cells found throughout the dLGN. They have been grouped to show their relationships to laminar (L) 
or interlaminar zones (X2). 
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labeled, whereas an inner zone that overlaps the retinal 
input (Hendrickson et al., 1970) is heavily labeled. The 
central portion of this inner zone contains especially 
dense label, resembling large synaptic terminals (Fig. 
3B), but the results of an ongoing EM analysis will be 
required to precisely identify the cellular location of this 
label. Overall, the vLGN neuropil is much more GAD+ 
than the dLGN neuropil (see Figs. 1A and 3A). 

The RNT is also immunoreactive for GAD, but, in 
contrast to the vLGN and dLGN, the labeling of cell 
bodies in this nucleus overshadows that of the neuropil 
(Fig. 4, A and B). Colchicine pretreatment does not 
significantly increase the number of stained cells but does 
show the cell bodies and especially their dendrites more 
clearly (Fig. 4, C and D). In cresyl violet-counterstained 
sections, virtually every neuron in the RNT appears to 
be GAD+. The GAD+ neuropil in the RNT is rather 
sparse but is similar in morphology to that observed in 
the dLGN, consisting of oval and round puncta and a few 
beaded fibers. Both the GAD+ cell bodies and neuropil 
respect the narrow margins of the RNT and correspond 
to its classical distribution in cresyl violet-stained sec- 
tions. In addition, a few scattered GAD+ neurons are 
seen lying between the dLGN and RNT within the 
internal capsule. 

Electron microscopic analysis of dLGN 
In the EM, neuronal cell bodies, cell processes, and 

synaptic profiles are all labeled for GAD. These struc- 

tures are considered as GAD+ when they contain accu- 
mulations of specific electron-dense material that is both 
diffusely distributed within the cytoplasm and associated 
with the membranes of certain organelles. The specificity 
of this staining is substantiated by its absence in control 
tissue incubated in nonimmune serum, and by the fact 
that in thin sections from material reacted in GAD 
antiserum but not stained with uranyl or lead salts, 
electron-dense material has the same distribution as seen 
in stained sections. 

Cell bodies. The labeled cell bodies observed in the 
EM are generally those of small neurons in which most 
of the perikaryal volume is occupied by an unstained 
nucleus (Figs. 5, A to C and 10B). Infoldings of the 
nuclear membrane are common (Fig. 5, B and C). In 
tissue incubated for long times in antiserum diluted with 
buffer containing high concentrations of Triton, the thin 
rim of cytoplasm is densely packed with electron-dense 
reaction product (Figs. 5, A and B, 10B). Because of the 
heavy label and the suboptimal ultrastructural preser- 
vation in such material, it is difficult to determine pre- 
cisely what organelles are associated with the label. In 
tissue incubated for shorter times in less T&on, convinc- 
ingly labeled somata are less numerous and the labeling 
that is present is light (Fig. 5C). This light labeling does 
permit identification of organelles that are associated 
with GAD+ product; these include the cytoplasmic mem- 
brane surfaces of the cisternae of the Golgi complex and 
of the mitochondria, vacuoles, and endoplasmic reticu- 

Figure 4. GAD labeling in the reticular nucleus of the thalamus (RNT). A, A low magnification coronal section through the 
RNT shows labeled cell bodies (arrow) and punctate labeling in the neuropil, both of which respect the narrow margins of the 
nucleus (X 200). B, A higher magnification photograph of RNT shows that every detectable neuron (n) has GAD-labeled 
cytoplasm surrounding an unlabeled nucleus. The neuropil contains sparse punctate labeling (X 450). C and D, Sections from an 
animal with colchicine pretreatment show that RNT somata and dendritic labeling is greatly intensified, but neuropil labeling 
appears to be diminished (C, X 125; D, X 200). 
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Figure 5. Low magnification electron micrographs of GAD-positive neurons in the dLGN. A, This labeled cell body contains 
dense accumulations of GAD+ material in the thin rim of cytoplasm that surrounds the unstained nucleus. Three GAD-labeled 
profiles in the immediately adjacent neuropil contact the surface of this cell (arrows). The cytoplasmic and nuclear borders have 
been outlined for clarity. Scale bar = 5 pm. B, This composite electron micrograph shows a GAD+ neuron (G+) and two 
unlabeled neighboring dLGN neurons, allowing a direct comparison of labeled versus unlabeled cytoplasm, relative cell size, and 
nuclear shape. The cell and nuclear membranes have been outlined for clarity. Scale bar = 5 pm. C, Higher magnification electron 
micrograph of GAD+ neuronal cytoplasm. Incubation in lower levels of detergent has resulted in lighter GAD labeling but better 
ultrastructural preservation than shown in A and B. GAD+ reactivity is seen on the outer surfaces of mitochondria (n), cisternae 
of the Golgi complex (solid arrows), and in scattered ill-defined regions of the cytoplasm (asterisks). Note deep infoldings in the 
nuclear membrane (open arrows). Scale bars = 1.0 pm. 

lum. The nuclear membrane, the nucleoplasm, and mi- is found on the cytoplasmic membrane surfaces of the 
tochondrial cisternae remain unlabeled (Fig. 512). mitochondria, smooth endoplasmic reticulum cisternae, 

Cell processes. Conventional dendrites that contain and vesicular structures. Fibrous material that may be 
ribosomes and/or rough endoplasmic reticulum, receive poorly preserved microtubules also is associated with 
synapses, and are also GAD+ are not commonly seen, reaction product. Longitudinal sections through varicose 
but we have found both large and small diameter exam- processes that may either be axons or dendrites (Fig.GB) 
ples of this type of dendrite (Fig. 6A). Reaction product show GAD labeling in regions where organelles are nu- 
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Figure 6 
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merous, whereas the labeling diminishes or disappears in 
intervening regions where organelles are scarce. If a thin 
section passed transversely through an unlabeled region, 
the fiber would appear unlabeled, suggesting that these 
regions may correspond to the unlabeled or lightly la- 
beled zones intervening between the GAD+ puncta ob- 
served in light micrographs. 

In addition to GAD+ conventional dendrites, other 
GAD+ profiles both receive and make synaptic contacts 
(Figs. 7 to 9). We regard these as presynaptic dendrites 
because of this characteristic pre- and postsynaptic re- 
lationship and because these GAD+ profiles exhibit other 
morphological characteristics that correspond to the pre- 
synaptic dendrites described in many conventional EM 
studies of thalamus (Ralston and Herman, 1969; Wong, 
1970; LeVay, 1971; Famiglietti and Peters, 1972; Lieber- 
man and Webster, 1972; Lieberman, 1973; Pasik et al., 
1973; Hamori et al., 1974; Partlow et al., 1977; Ogren and 
Hendrickson, 1979; Winfield, 1980; Wilson and Hendrick- 
son, 1981). This identification must be a provisional one, 
however, because we do not have direct morphological 
evidence for the continuity between these profiles and a 
GAD+ cell body. Another commonly used marker for 
presynaptic dendrites is the presence of ribosomes or 
rough-surfaced endoplasmic reticulum. The presynaptic 
GAD+ profile in Figure 7A does appear to contain rough- 
surfaced endoplasmic reticulum, but this marker is typi- 
cally found in proximal dendrites which have few syn- 
apses (LeVay, 1971), reducing the likelihood of both the 
characteristic synaptology and organelles occurring in 
the same section. Ribosomes are sparse in distal den- 
drites and are difficult to distinguish from GAD+ reac- 
tion product, minimizing their usefulness as a criterion 
for dendritic identification in more peripheral dendrites 
where presynaptic contacts are more common. There- 
fore, we have relied on the distinctive synaptic relation- 
ships rather than the organelle content to identify GAD+ 
presynaptic dendrites in this study. 

Synaptic profiles. GAD+ synaptic profiles form a va- 
riety of synaptic relationships (Figs. 7 to 12) and are 
widely distributed throughout the neuropil. They typi- 
cally contain one to five dark mitochondria and scattered 
synaptic vesicles, although in some instances the vesicles 
may be quite densely packed. Because GAD+ reactivity 
is associated with the surfaces of synaptic vesicles and is 
often found in the vicinity of the synaptic specialization 
as well, the appearance of these two very important 
morphological characteristics is frequently altered or ob- 
scured. This results in a great deal of variability in the 
appearance of GAD+ synaptic profiles, and as such it is 

difficult to classify them according to strict, traditional 
criteria. For example, whereas some GAD+ synaptic 
vesicles are clearly flat (Fig. 80, Gl), others are more 
rounded or pleomorphic (Fig. 7C, Gl). In addition, some 
profiles form clearly symmetric synaptic specializations 
(Fig. 7A), whereas others are apparently more asymmet- 
ric (Fig. 8A). Nonetheless, their overall morphology and 
synaptic relationships indicate that the GAD+ profiles 
fit the different subtypes of F terminals described in 
conventional EM material (discussed by Lieberman and 
Webster, 1972; Ogren and Hendrickson, 1979; Sterling 
and Davis, 1980; Wilson and Hendrickson, 1981). Because 
it is not possible in a single thin section of this material 
to consistently determine the difference between axon 
terminals and isolated synaptic sites in presynaptic den- 
drites, we will refer to the whole population as GAD+ 
synaptic profiles. 

GAD+ profiles form the presynaptic (Figs. 6B, 7 to 10, 
and 12) as well as the postsynaptic (Figs. 7 to 9 and 11) 
elements of synaptic junctions and frequently are both 
pre- and postsynaptic in the same section (Figs. 7, 8A, 
and 9A). For reasons described above, we provisionally 
regard those that are both pre- and postsynaptic in the 
same section as presynaptic dendrites. In general, GAD+ 
synaptic profiles are postsynaptic to all other unlabeled 
terminal and profile types-that is, RLP, RSD, and F. 
Occasionally GAD+ profiles synapse onto other GAD+ 
synaptic profiles (Figs. 8 and 12B). In these cases, the 
postsynaptic GAD+ element may also be presynaptic 
(Fig. 8, B and D), indicating that this intermediate ele- 
ment is a presynaptic dendrite. GAD+ terminals also are 
presynaptic to cell bodies (Fig. 10) and to conventional 
dendrites (Figs. 7 to 9 and 12) that may either be labeled 
or unlabeled. GAD+ synaptic profiles have not been 
observed in presynaptic apposition to unlabeled synaptic 
terminals of any type. 

Throughout the neuropil, GAD+ synaptic profiles are 
most commonly found in synaptic complexes or glomeruli 
as the intermediate elements in synaptic triads or in 
serial synapses (Figs. 7, B and C and 9). In these config- 
urations, they are postsynaptic to an unlabeled retinal 
axon terminal and presynaptic to an unlabeled large 
dendrite that is often postsynaptic to the retinal axon 
terminal. GAD+ profiles within synaptic complexes may 
synapse with one or more dendrites in the same section. 
A single GAD+ process can display several different 
synaptic relationships. For instance, in Figure 9, a lightly 
stained GAD+ longitudinal process that resembles a 
dendrite takes part in a synaptic triad with a retinal 
terminal and a proximal dendrite and is also postsynaptic 

Figure 6. Electron micrograph of GAD+ cell processes in the dLGN. A, This transverse section through two dendrites (Dl and 
02) shows GAD labeling on the outer surfaces of mitochondria (m), small cisternae (large arrowheads), and vesicular structures 
(small arrowheads). Because of the dense label, ribosomes are difficult to identify with certainty, but they probably lie just above 
Dl. Dl is a proximal dendrite postsynaptic to an unlabeled retinal terminal (RLP) at the large arrow. D2 is a distal dendrite that 
is postsynaptic to an unlabeled RSD terminal at the small arrow. B, A longitudinal section through a GAD+ varicose process 
shows GAD labeling associated with mitochondria (m), small cisternae (large arrowheads), and vesicular structures (small 
arrowheads) that lie in the wider portions of the process. The narrower central portion contains neurofibrils but few organelles, 
and it is unlabeled. Accumulations of GAD reactivity associated with vesicles at the upper left and lower right of this process are 
suggestive of presynaptic sites (white arrows), indicating that this GAD+ profile could be either an axon or a varicose presynaptic 
dendrite. Scale bars = 0.5 pm. 
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Figure 7. Electron micrographs of presynaptic GAD+ profiles forming synaptic complexes. A, This GAD+ (G) synaptic profile 
is adjacent to a retinal synaptic terminal (RLP) and is presynaptic to an unlabeled large dendrite (D) at a clearly symmetric 
synaptic specialization (black arrow). Note also the fiiamentous adhesions between the dendrite and the RLP. Arrowheads mark 
structures that may be strands of rough-surfaced endoplasmic reticulum. GAD reactivity associated with synaptic vesicles in G 
is marked by an asterisk. B, Two GAD+ (GI and GZ) profiles are so densely packed with reaction product that it obscures the 
synaptic vesicles, but G2 can be seen to form a synaptic contact at the white arrow with a large unlabeled proximal dendrite. An 
RLP terminal is presynaptic to G2 and to a dendritic spine from the same large proximal dendrite (black arrows), thus completing 
a synaptic triad. C, Two GAD+ profiles (Gl and GZ) are postsynaptic to RLP terminals at asymmetric contacts (black arrows). 
The RLP terminal on the left is presynaptic to a dendrite (D) that also receives a contact from Gl (white arrow), forming a 
synaptic triad. Scale bars = 0.5 pm. 
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Figure 8. Electron micrographs of other types of GAD+ synaptic relationships found in the dLGN. A, A small diameter 
unlabeled terminal (RSD) contains round vesicles and makes an asymmetric contact (black arrow) onto a GAD+ profile (G) 
that, in turn, makes an asymmetric synaptic contact (white arrow) with a small unlabeled dendritic spine (D), thereby completing 
a serial synapse. B, A clearly symmetric synaptic contact (white arrow) lies between two GAD+ profiles (Gl and G2). Gl contains 
many synaptic vesicles, whereas G2 lacks synaptic vesicles near the contact. G2 contains a few vesicles at what may be a synaptic 
contact (crossed arrow) onto a small dendrite (D), suggesting that G2 is a presynaptic dendrite. D also receives another synaptic 
contact from an adjacent unlabeled process (bent arrow). G2 is adjacent to an unlabeled process fiied with flattened vesicles (F). 

Figure 8 legend continues on p. 1256 
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to an unlabeled F profile containing clearly flattened 
vesicles. Although GAD labeling in this longitudinal 
process is sparse, it can be observed at higher magnifi- 
cation on the surfaces of synaptic vesicles and in the 
cytoplasm (Fig. 9, B and C, asterisks). Another frequent 
synaptic configuration consists of single GAD+ profile 
which is presynaptic to a small unlabeled dendrite. This 
is especially common in the interlaminar zones (Fig. 12) 
but can also be found within the laminae. In these cases, 
the GAD+ profile is filled with vesicles and has numerous 
mitochondria. This type of contact is not related to the 
synaptic triads involving the retinal axon terminals. 

The most common type of unlabeled terminal that is 
presynaptic to GAD+ synaptic profiles appears to be 
from retinal ganglion cell axons (Figs. 7 to 9 and 11). 
These can be identified on the basis of morphological 
criteria that are well established for the monkey dLGN 
(Guillery, 1971; Wilson and Hendrickson, 1981). Retinal 
terminals contain round synaptic vesicles, are large in 
diameter, and their numerous mitochondria have a pale 
appearance, hence the term RLP adopted by Guillery 
(1971). They may also contain neurofilaments, form mul- 
tiple nonsynaptic adhesions with dendrites, and establish 
asymmetric synaptic specializations. In RLP terminals, 
triangular-shaped presynaptic dense projections are 
sometimes present (Figs. 7B and 11B). In most instances 
when RLP terminals contact GAD+ profiles, the synap- 
tic vesicles and associated GAD+ reaction product are 
sufficiently removed from the region of postsynaptic 
density so that the typical asymmetry of these junctions 
is easily recognized (Figs. 9, A and B and 11, A and B). 
RLP terminals are not often found in presynaptic appo- 
sition to GAD+ structures that do not contain synaptic 
vesicles (but see Fig. 6A). 

Unlabeled terminal types other than RLP terminals 
are much less commonly found in synaptic contact with 
GAD+ profiles. However, one of these resembles the 
RSD terminals of Guillery (1971), some of which are 
cortical in origin (Wong, 1970). These contain round 
vesicles, perhaps one dark mitochondrion, are small in 
diameter, and make a prominent asymmetric contact 
(Fig. 8, A and C). RSD terminals are found presynaptic 

to GAD+ profiles in bothlaminar and interlaminar zones. 
Another unlabeled terminal type which also is presyn- 
aptic to GAD+ profiles is a pale F process that contains 
many scattered flat vesicles and makes a symmetric 
contact (Figs. 8, B and D and 9, C and D). This type may 
represent either another population of F type synaptic 
profiles that is distinct from the GAD+ synaptic profiles 
or is unlabeled due to a false negative artifact (see 
Vaughn et al., 1981 for discussion). 

Discussion 

This investigation of GAD immunocytochemical stain- 
ing in the monkey geniculate complex has resulted in 
four main observations: (1) there is a small but consistent 
population of GAD+ neurons within all layers of the 
nucleus; (2) the dLGN neuropil contains many GAD+ 
synaptic profiles of the F type that are more heavily 
concentrated in the laminar zones and are closely related 
to the retinal input; (3) some GAD+ profiles originate 
from presynaptic dendrites; and (4) the RNT also con- 
tains many GAD+ neurons whereas the neighboring 
vLGN exhibits only GAD+ neuropil with no detectable 
perikaryal labeling. 

GAD+ reactivity in the dLGN 

GAD+ neurons. The question of whether or not the 
monkey dLGN contains interneurons which have pro- 
cesses and connections that are confined to the nucleus 
has remained unresolved for many years, although the 
indirect evidence for their presence in the dLGN is 
extensive, as reviewed in the introduction. Taken to- 
gether, these various experimental approaches strongly 
suggest that the monkey dLGN contains a small p~pu- 
lation of interneurons, some of which have presynaptic 
dendrites. Our immunocytochemical results suggest that 
at least some of these inter-neurons in the dLGN are 
GAD+. These small scattered GAD+ neurons have a 
large nucleus with an infolded nuclear membrane and 
thick, relatively straight dendrites. At the EM level, the 
dLGN neuropil contains GAD+ dendrites that are both 
pre- and postsynaptic and that are similar in morphology 

Figure 8 continued. 
C, An unlabeled terminal (RSD) makes a prominent asymmetric contact onto a GAD+ profile (G). This was taken from an 
interlaminar zone so that the unlabeled terminal is not retinal in origin. D, A GAD+ profile (Gl ) is presynaptic to another GAD+ 
profile (GZ) at the rohite arrow. Both contain ill-defined cytoplasmic label, and mitochondria (m), cisternae, and synaptic vesicles 
coated with GAD+ reaction product. The synaptic vesicles in Gl are oval in form, more numerous, and abut the synaptic 
specialization, whereas organelles and associated label largely avoid the immediately subjacent postsynaptic region in G2. 
Synaptic vesicles are sparse in G2. An unlabeled profile (3’) contains distinctly flattened vesicles and is in close contact with G2 
(black arrow), although a synaptic contact is not clearly visible. Scale bars = 0.5 pm. 

Figure 9. Electron micrographs of a longitudinally sectioned, lightly labeled GAD+ presynaptic dendrite (G+ ) that exhibits 
several types of synaptic contacts. A, This low magnification view shows a varicose presynaptic dendrite that is both pre- and 
postsynaptic. It contains sparse GAD+ reaction product (asterisks) that is mainly associated with synaptic vesicles. Scale bar 
= 0.5 pm. B, The large GAD+ varicosity takes part in a synaptic complex where it is postsynaptic to an RLP terminal (upper 
black arrow). Synaptic vesicles in the G+ profile avoid this region, but they accumulate where it makes a symmetric synaptic 
contact (white arrow) onto a proximal dendrite (D) that is also postsynaptic (lower black arrow) to the RLP terminal, completing 
a synaptic triad. Scale bar = 0.05 pm. C, The small GAD+ varicosity is postsynaptic to an unlabeled, pale profile containing 
distinctly flattened vesicles (F) that cluster near an asymmetric synaptic specialization (open arrow). An accumulation of GAD+ 
pleomorphic vesicles (asterisk) lies in the varicosity at a distance from the postsynaptic region. Same magnification as Figure 8B. 
D, Another example of an unlabeled F profile containing many flat vesicles (F) that is presynaptic to a GAD-labeled synaptic 
profile (G). Note the asymmetric contact beneath the arrowhead. Same magnification as Figure 8B. 
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Figure 10. Electron micrographs of GAD+ synaptic contacts onto dLGN somata. A, A GAD-labeled profile (G) synapses onto 
an unlabeled neuronal cell body at a symmetric synaptic specialization (white arrow). B, A labeled profile (G) contacts a labeled 
cell body (G+ ), although poor ultrastructural preservation does not permit visualization of a synaptic specialization. The cell and 
nuclear membranes have been outlined for clarity. Note the relatively small amount of perikaryal cytoplasm in this labeled 
neuron compared to the unlabeled neuron in A. Scale bars = 0.5 pm. 

and synaptic relationships to presynaptic dendrites 
shown by other authors (LeVay, 1971; Pasik et al., 1973; 
Hamori et al., 1974; Winfield, 1980). In addition, these 
cells are similar to [3H]GABA-accumulating neurons in 
cat dLGN (Sterling and Davis, 1980) that have been 
suggested to be interneurons on the basis of similar 
criteria. Moreover, our findings in monkey are very sim- 
ilar to a recent study of GAD localization in rat dLGN 
(Ohara et al., 1983). The rat dLGN contains a population 
of GAD+ neurons, some of which have presynaptic den- 
drites, which closely resembles the previously character- 
ized interneurons from Golgi impregnations (Lieberman 
and Webster, 1972; Lieberman, 1973). In rat dLGN, 
GAD+ synaptic profiles, including presynaptic dendrites, 
are commonly encountered in the neuropil and have the 
same distribution and similar morphology as we have 
found for monkey dLGN neuropil. However persuasive 
this indirect evidence may be, the critical experiment still 
remains to be done, namely to demonstrate by double 
labeling techniques that these GAD+ cells do not project 
to visual cortex. This is especially important in view of 
the intracellular filling experiments of Friedlander et al. 
(1981), who find that cat dLGN contains some neurons 

that resemble the postulated interneurons in having ap- 
pendage-laden dendrites, but their axon first ramifies 
locally and then projects to visual cortex. 

GAD+ neuropil. At both the LM and EM level, it is 
clear that the dLGN neuropil is rich in GAD+ processes 
and synaptic profiles. Because of the altered ultrastruc- 
ture resulting from GAD staining, however, it has been 
difficult to classify GAD+ synaptic profiles according to 
the traditional EM criteria of vesicle shape and symmetry 
of the synaptic specialization. It should be emphasized, 
though, that the regularity with which GAD+ profiles 
are found as both pre- and postsynaptic elements indi- 
cates that some are presynaptic dendrites, and as such 
would fall into the F category as described in conven- 
tional electron microscopy. The same difficulties apply 
to the individual GAD+ synaptic profiles that occur 
outside of synaptic complexes. When compared to sur- 
rounding unlabeled neuropil elements, these profiles ap- 
pear to be of the F type, even though their postsynaptic 
densities are not strictly symmetric. This identification 
is strengthened by previous reports in rat of individual F 
terminals arising from the RNT (Ohara et al., 1980; 
Montero and Scott, 1981), the neurons of which are 

Figure 11. Electron micrographs of GAD+ profiles (G) that are postsynaptic to unlabeled, retinal terminals (RLP) that contain 
round vesicles and several pale mitochondria (m). A, This RLP terminal contains a characteristic neurofilamentous core and 
makes an asymmetric synaptic contact (arrow) with the GAD+ profile. B, This RLP terminal makes an asymmetric contact 
(arrow) that also shows presynaptic dense triangular projections. Both GAD+ profiles contain mitochondria (m) whose surfaces 
are associated with label, and a pleomorphic population of synaptic vesicles that are outlined by intensely labeled surfaces. Scale 
bars = 0.5 pm. 
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Figure 12. Electron micrographs of GAD+ presynaptic profiles (G) from the interlaminar zones. In A, the dendrite (D) is 
unlabeled, but in B there may be diffuse GAD+ material in the dendrite (D) at the arrowhead. Both GAD+ profiles are filled 
with synaptic vesicles, contain several mitochondria. and make contacts (white arrows) which are intermediate in postsynaptic 
density. Scale bars = 0.5 pm. 

known to be GABAergic (Houser et al., 1980). Therefore, 
when the GAD+ synaptic profiles identified in this study 
are considered against a background of the numerous 
studies of geniculate circuitry using conventional EM, 
and by comparison with the unlabeled terminals in the 
GAD processed material, they would fit into the F clas- 
sification. 

Several points need to be emphasized about the spatial 
distribution of GAD+ synaptic profiles. First, although 
they are found throughout the dLGN, they are more 
concentrated in the six geniculate laminae as well as in 
the S layers and the intercalcated zones, closely parallel- 
ing the retinal input. This relationship is further borne 
out at the EM level, where GAD+ synaptic profiles are 
especially numerous in the synaptic glomeruli which 
contain retinal terminals. Specifically, the intervening F 
processes in synaptic triads are frequently GAD+ profiles 
that are simultaneously postsynaptic to unlabeled retinal 
terminals and presynaptic to unlabeled dendrites that 
are also postsynaptic to the same retinal terminals. This 
morphological arrangement places these profiles in a 
strategic position to play a major role in GABA-me- 
diated, retinally driven, feed-forward inhibition (Stevens 
and Gerstein, 1976; Dubin and Cleland, 1977). Because 
at least some of the GAD+ profiles appear to originate 
from presynaptic dendrites, this also implicates the 
GAD+ dLGN interneurons in this process. 

Second, the magnocellular layers are the most in- 
tensely stained portion of the dLGN. This is in good 
agreement with previous EM reports showing that mag- 
nocellular layers contain more F profiles than the par- 
vocellular layers (Winfield, 1980; Wilson and Hendrick- 
son, 1981). In addition, Rodieck and Dreher (1979) have 
found suppression of electrophysiological activity by the 
nondominant eye in the magno- but not parvocellular 
layers of monkey dLGN, suggesting a greater inhibitory 
activity that may correlate with this heavier GAD label- 
ing in the magnocellular layers. 

Third, we find that individual GAD+ synaptic profiles 
make contact onto neuronal somata and distal and prox- 

imal dendrites in both the laminar and interlaminar 
zones. This suggests that GABA has a widespread influ- 
ence on the properties of dLGN neurons in addition to 
its relationship to retinal input in the glomeruli. This 
would be especially true of the individual GAD+ profiles 
in the interlaminar zones where retinal input is lacking 
(reviewed by Wilson and Hendrickson, 1981). Moreover, 
GABA pathways may directly interact as GAD+ profiles 
synapse onto GAD+ somata and onto other GAD+ pro- 
cesses that resemble presynaptic dendrites. 

It should be noted that an unlabeled, characteristically 
pale, F type profile is sometimes found in a presynaptic 
relationship to GAD+ profiles. Sterling and Davis (1980) 
also report a similar type of F profile that does not show 
C3H]GABA uptake in cat dLGN. There are technical 
reasons why these F profiles could be GABAergic but do 
not stain for GAD (Vaughn et al., 1981), but their pres- 
ence in both cat and monkey dLGN also raises the 
possibility that GABA may not be the exclusive trans- 
mitter for the F profile type. 

Origins for GAD+ pathways in dLGN. Within the 
immediate vicinity of the dLGN, we find only one other 
population of GAD+ neurons, those of the RNT. This 
confirms a previous report by Houser et al. (1980), who 
showed that virtually all of the neurons in the rat RNT 
are GAD+. There are a number of recent reports that 
emphasize a pathway from RNT to the dLGN (Jones, 
1975; Burke and Cole, 1978; Ohara et al., 1980; Montero 
and Scott, 1981; Hale et al., 1982). Labeling studies using 
terminal degeneration (Ohara et al., 1980) or [3H]proline 
(Montero and Scott, 1981) show that the RNT axon 
terminals in rat dLGN are of the F type. RNT terminals 
are not found in synaptic triads; rather, they are distrib- 
uted onto the neuronal somata and proximal and distal 
dendrites in simple presynaptic relationships similar to 
some of the individual GAD+ profiles observed in this 
study. Given that the monkey RNT is almost entirely 
composed of GAD+ neurons and that its cells project to 
dLGN (Jones, 1975; A. E. Hendrickson, unpublished 
results), and assuming that the RNT axons have the 
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same distribution in monkey and rat, it is likely that 
many of the individual GAD+ profiles ending on somata 
and small dendrites originate in the RNT. 

The vLGN is an unlikely source of GAD+ profiles in 
the monkey, as this nucleus contains no observable 
GAD+ somata. Scattered GAD+ neurons are found lying 
outside the dLGN capsule but these would seem to be 
too sparse to provide a significant input. Therefore, we 
suggest that the presynaptic dendrites of the GAD+ 
dLGN inter-neuron are the most likely source for the 
GAD+ synaptic profiles which are associated with retinal 
axons in glomeruli. Individual GAD+ synaptic profiles 
outside glomeruli are likely to be axons of RNT origin. 
The specific proportion and distribution of RNT versus 
intrinsic input and the possibility that a long axon path- 
way to dLGN is GABAergic remain to be determined in 
future studies. 
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