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The primate amygdaloid complex is a prominent structure 
in the medial temporal lobe that comprises a variety of cy- 
toarchitectonically distinct nuclei and cortical regions. The 
present study employed immunohistochemical and in situ 
hybridization techniques to determine the distribution of GA- 
BAergic cells, fibers, and terminals in the macaque monkey 
amygdala. Using a monoclonal antibody to GABA, immu- 
noreactive neurons were observed throughout the amyg- 
daloid complex (constituting approximately 20% of the neu- 
rons in the lateral nucleus): with higher densities located in 
the intercalated nuclei, amygdalohippocampal area, and 
posterior cortical nucleus. The lowest densities of labeled 
cells were observed in the central and medial nuclei. Inter- 
estingly, despite the low number of GABA-immunoreactive 
neurons, the terminal density in the central nucleus was 
among the highest in the amygdala. The GABAergic neurons 
in the amygdala were heterogeneous in morphology, and 
three general classes of immunopositive aspiny cells were 
observed. Using mRNA probes for glutamic acid decarbox- 
ylase (GAD: GAD,, and GAD,,), in situ hybridization dem- 
onstrated distributions of labeled cells that generally repli- 
cated the immunohistochemical findings. One exception was 
in the central nucleus where, in contrast to the low number 
of immunohistochemically labeled cells, both GAD probes 
labeled large numbers of neurons. These studies on the 
organization of GABAergic circuits in the primate amygdala 
are significant because alterations of function in the human 
amygdala have been implicated in the pathogenesis of tem- 
poral lobe epilepsy and in the etiology of affective and other 
behavioral disorders. The present study provides baseline 
information with which to evaluate the role of GABAergic 
systems in amygdala-mediated behaviors and the potential 
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contribution of GABAergic dysfunction in amygdala-asso- 
ciated disorders. 

[Key words: GABA, amygdala, epilepsy, glutamic acid de- 
carboxylase, inhibitory amino acid, interneuron, primate] 

The monkey amygdaloid complex is a cytoarchitectonically het- 
erogeneous structure that is composed of at least 13 different 
nuclei and cortical areas, many of which are subdivided into 
two or more regions. While there is increasing evidence for 
substantial heterogeneity in the connectivity and chemoanato- 
my of the amygdaloid complex (Amaral et al., 1992), under- 
standing of the intra- and internuclear organization of connec- 
tions in the amygdala has lagged behind the detailed information 
available for the neocortex or other medial temporal lobe regions, 
such as the hippocampal formation. In particular, there has only 
been meager histological analysis of the organization of GA- 
BAergic circuitry in the primate amygdaloid complex. 

The lack of information on GABAergic mechanisms in the 
primate amygdala is particularly troubling since there is mount- 
ing evidence that the amygdaloid complex is involved in the 
pathogenesis of temporal lobe epilepsy (Margerison and Cor- 
sellis, 1966; Bruton, 1988; Hudson et al., 1991; Watson et al., 
1991; Hudson, 1993). Moreover, the amygdala plays a promi- 
nent role in various experimental animal models of epilepsy, 
such as kindling. As initially demonstrated by Goddard et al. 
(1969) the amygdala is one of only a few forebrain sites in 
which stimulation is particularly effective in producing kindled 
seizures. Germane to the present study, there is suggestive evi- 
dence that alterations in GABAergic inhibitory mechanisms in 
the amygdala may contribute to the establishment of kindling- 
induced seizures (Loscher and Schwark, 1987; Kamphuis and 
Lopes da Silva, 1990; Callahan et al., 199 1; Rainnie et al., 1992). 

A number of lines of evidence indicate that the amygdala 
normally plays a role in the mediation of species-specific and 
emotional behaviors (Le Doux, 1987, 1992; Davis, 1992). Con- 
sistent with this notion, both experimental animal and human 
clinical studies have demonstrated that pathology of the amyg- 
dala is associated with psychoaffective behavioral disorders 
(Weiskrantz, 1956; Aggleton and Passingham, 198 1; Tranel and 
Hyman, 1990; Zola-Morgan et al., 199 1; Drevets et al., 1992). 
In this regard, it is interesting that the amygdala has one of the 
highest concentrations of benzodiazepine/GABA, receptors 
(Niehoff and Kuhar, 1983; Niehoff and Whitehouse, 1983; Mar- 
cel et al., 1986; Zezula et al., 1988; Stroessner et al., 1989) and 
at least some of the anxiolytic effects of the benzodiazepines 
may be mediated by the amygdala. Thus, it would be of sub- 
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stantial importance to determine the cellular organization of the 
GABAergic system in the primate amygdaloid complex. 

The rat amygdala demonstrates a large number of neurons 
immunoreactive for GABA (McDonald, 1985; Ottersen et al., 
1986; Nitecka and Ben-At?, 1987) or glutamic acid decarbox- 
ylase (GAD) (Mugnaini and Oertel, 1985; Carlsen, 1988; Ni- 
tecka and Frotscher, 1989). The highest numbers of GABA- 
immunoreactive (-ir) and GAD-ir cell bodies are located in the 
lateral, basal (or basolateral nucleus as it is often called in the 
rat) and accessory basal (or basomedial) nuclei. In contrast to 
the cellular distribution, GABA-ir and GAD-ir terminal labeling 
is denser in the central and medial nuclei than in the deep nuclei. 
Neurochemical analyses of GABA distribution are largely con- 
sistent with the histological data (Ben-Ari et al., 1976; Naka- 
mura et al., 1987). Lesion studies carried out in rat indicate that 
most of the GABA in the amygdala, especially in the lateral and 
basal nuclei, is of intrinsic origin, though some 25% of the GAD 
in the central nucleus may be contributed by afferent projections 
(Le Gal La Salle et al., 1978). 

PAP method. Whole, free-floating coronal sections were collected from 
the cryoprotectant solution and washed three times in 0.02 M potassium 
phosphate buffer, pH 7.4 (KPBS), and incubated in a blocking solution 
containing 10% normal rabbit serum and 0.5 O/a Triton X- 100 in KPBS 
for 4 hr at room temperature. The sections were then incubated in a 
solution that contained a monoclonal mouse anti-GABA antibody 
(115AD5, kindly provided by Dr. Ismo Virtanen, Department of Anat- 
omy, University of Helsinki, Helsinki, Finland) (Szabat et al., 1992) 
diluted 1:30,0.5% Triton X- 100, and 1% normal rabbit serum in KPBS 
for 48 hr at 4°C. The sections were then washed in KPBS (pH 7.4) and 
incubated in a solution containing rabbit anti-mouse IaG (1:30) (ICN 
65-157) 1% normal rabbit serum, and 0.2% Triton X-lob in KPBS, 
(pH 7.4) for 4 hr at room temperature. The sections were again washed 
and then incubated overnight at 4°C in a solution that contained mouse 
PAP (1: 100) (Stemberger Monoclonals, #405), 1% normal rabbit serum, 
and 0.2% Triton X-100 in KPBS, pH 7.4. After further washing, the 
sections were reacted with diaminobenzidine (DAB) (Pierce, #3400 1) 
(0.05% DAB and 0.04% HzO, in KPBS, pH 7.4). The sections were 
rinsed, mounted on gelatin-coated slides, and intensified with 0~0, and 
thiocarbohydrazide by the method of Lewis et al. (1986) or with the 
silver intensification method described by Quinn and Graybiel (1990). 

Avidin-biotin method. In this method the sections were incubated for 
2 d in mouse monoclonal anti-GABA antiserum (diluted 1:400). The 
incubation protocol followed the same procedure described previously 
for the identification of parvalbumin-ir cells (Pitklnen and Amaral, 
1993a). 

Despite the potential importance of understanding the orga- 
nization of inhibitory mechanisms in the primate medial tem- 
poral lobe, there is little published information on the distri- 
bution of GABAergic neurons in the primate amygdaloid 
complex (McDonald and Augustine, 1993). Thus, in the present 
study, two approaches were taken to investigate the organization 
of GABAergic cells, fibers, and terminals in the monkey amyg- 
dala. First, the distribution of GABA-ir cells and terminals was 
mapped using a monoclonal antibody raised against GABA- 
BSA complex (Szabat et al., 1992). Second, in situ hybridization 
of mRNAs for the two molecular forms of GAD [65 kDa GAD 
(GAD,,) and 67 kDa GAD (GAD,,)] was used to study the 
distribution ofexpression ofthe GABA synthetic enzyme, GAD, 
throughout the amygdala. 

Materials and Methods 
Animals and tixatives 
GABA immunohistochemistry. The brains of three Macaca fascicularis 
monkevs (M 17-9 1. M 18-9 1. M 19-9 1) were prepared for the immuno- 
histochemical demonstration of GABA. Two monkeys were perfused 
intracardially with a fixative containing a low concentration of glutar- 
aldehyde, and one was perfused with a fixative containing a higher 
concentration of glutaraldehyde. In all cases, animals were deeply anes- 
thetized with ketamine HCl(l0 m&kg, i.m.) followed by sodium pen- 
tobarbital (50 mg/kg, i.p.). For the low-glutaraldehydeftion, animals 
were perfused with 0.9% sodium chloride (250 ml/min, for 2 min) 
followed by a solution of0. l%glutaraldehyde and 4% paraformaldehyde 
in 0.1 M sodium phosphate buffer, pH 7.4 (250 ml/min for 10 min; 100 
ml/min for 50 min). In the high-glutaraldehydefucation protocol, a 
solution of 2.5% glutaraldehyde and 1% paraformaldehyde in 0.1 M 
sodium phosphate buffer, pH 7.4 (250 ml/min for 10 min; 100 ml/min 
for 50 min), was used as the fixative. The brains were blocked stereo- 
taxically and postfixed in the perfusion fixative for 6 hr. The brains 
were cryoprotected with 10% and then 20% glycerol with 2% dimethyl 
sulfoxide. frozen. cut. and stored (in 30% ethylene glycol, 25% glycerol 
in 0.05 & sodium phosphate buffer, pH 7.4) as described previously 
(Pitkiinen and Amaral, 1993a). 

GAD in situ hvbridization. The brains of two Macaca fascicularis 
monkeys (M3-91’and M5-9 1) were prepared for the demonstration of 
mRNAs that code two forms of GAD, 65 kDa GAD (GAD,,) and 67 
kDa GAD (GAD,,). The monkeys were perfused intracardially by using 
a pH-shift fixation protocol (Berod et al., 198 1) as previously described 
(Pitklnen and Amaral, 199 1). 

Characterization of antibody and controls for specificity. The char- 
acterization of the GABA antibody used in these studies has been de- 
scribed in detail (Szabat et al., 1992). Three controls for specificity were 
used. First, control sections were incubated without the primary anti- 
body; this resulted in the complete disappearance of stained profiles. 
Second, the primary antibody (dilution 1:30) was incubated overnight 
with different concentrations of GABA (Sigma, #A-2 129) ranging from 
1 FM to 1 M. Monkey sections were then added to each mixture and 
processed as described above. The addition of 1 mM GABA to the 
incubation solution resulted in a marked loss of immunoreactivity while 
the addition of 1 M GABA eliminated immunostained profiles. As an 
additional control, we compared the distribution of stained cells ob- 
tained with preparations using monoclonal antibody 115AD5 to that 
obtained with preparations stained using a commercially available poly- 
clonal antibody (Sigma antibody #A-2052). The overall distribution of 
cells in the two preparations was very similar though dendritic labeling 
was substantially more extensive with antibody 115AD5. 

In situ hybridization 
~RNAprobesynthesis. )S-radiolabeled antisense and sense cRNAs were 
transcribed from two GAD cDNA clones inserted into Bluescript M 13 + 
SK vectors (kindly provided by Dr. Alan Tobin, UCLA) (Erlander et 
al., 1991). The synthesis of radiolabeled cRNA probes was based on 
the transcription protocol provided with the Riboprobe Gemini System 
IV kit (Promega). The GAD,, probe was 2.0 1 -kilobase (kb)-long human 
GAD,, isolated from a X-zap II human hippocampal library obtained 
from Stratagene; the GAD,, probe fao 2.7 kb human GAD,, isolated 
from a h gtrl 1 human fetal brain library, which was inserted into the 
EcoRI site of the Bluescrint M 13 + SK vector (Strataaene). The labeled 
probes (10’ cpm/ml) were mixed in hybridization solution containing 
0.5 mg/ml tRNA, 10 mM dithiothreitol (DTT), 50% formamide, 0.25 
M NaCl, 1 mM EDTA, and 1 x Denhardt’s solution. 

In situ hybridization. Sections were collected from cryoprotectant 
solution, washed three times in 0.02 M KPBS, and put into 10% buffered 
formalin overnight. The sections were washed twice in KPBS and 
mounted on gelatin/poly-L-lysinexoated slides. Sections were pretreat- 
ed with 0.00 1 O/o proteinase K in 0.1 M Tris buffer (pH 8.0), containing 
0.05 M EDTA for 30 min at 37°C. Thereafter, sections were briefly 
washed in deionized water, rinsed in 0.1 M triethanolamine (TEA) at 
pH 8.0, and acetylated (0.625 ml of acetic anhydride, 250 ml of 0.1 M 

TEA, pH 8.0). Sections were rinsed in 2 x SSC (1 x SSC is 0.15 M saline, 
0.0 15 M sodium citrate), dehydrated in ascending ethanol series, and 
dried with desiccant under vacuum at room temperature until hvbrid- 
ization was initiated. Hybridization solution (lb0 ~1) containing 10’ 
cnm/ml of cRNA nrobe was snotted on each slide. coversliwed. and 
- 

. . , 
sealed with DPX. Slides were placed on a slide warmer at 60°C over- 
night. Following hybridization, sections were rinsed in 4x SSC and 
treated with 20 &ml ribonuclease A for 30 min at 37°C. Thereafter, 

Immunohistochemical procedures 
Sections from two of the brains (M 17-9 1 and M 18-9 1) were stained by 
the peroxidase-antiperoxidase (PAP) method and sections from the 
third brain (M 19-9 1) were stained by the avidin-biotin technique. 
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sections were washed in decreasing concentrations of SSC containing 1 
mM DTT to a final high-stringency wash in 0.1 x SSC at 70°C for 30 
min. Sections were dehydrated in increasing ethanol concentrations and 
dried. 

Hybridized sections were exposed to Amersham BMax Hyperfilm for 
2 d. Following this, sections were defatted in xylene, dried, dipped in 
Kodak NTB-2 emulsion, and exposed for 8 d. After developing, sections 
were counterstained with thionin. The pattern of labeled cells was iden- 
tical in the two brains studied for each probe. The control sections 
hybridized with sense probes did not show any cellular labeling. 

Analysis 
All sections were analyzed with a Leitz Dialux 20 microscope with both 
bright-field and dark-field optical systems. The distribution of GABA- 
ir cell bodies in a representative series of coronal sections from one of 
the cases was plotted using a computer-aided digitizing system (Min- 
nesota Datametrics). Camera lucida drawings from adjacent Nissl-stained 
sections were used to define the various nuclei of the amygdala and the 
outline and plots were superimposed using the CANVAS 3.04 software 
package on a Macintosh computer. Cell counts and measures of cell 
density (cells/mmz) were obtained from these plots. In order to get a 
rough estimate of the proportion of GABAergic cells in the amygdala, 
we plotted the distribution of Nissl-stained cells in the lateral nucleus 
from one section adjacent to a section plotted for the distribution of 
GABA-positive cells. While the numbers generated by the counts of 
GABA-ir neurons are clearly only approximations to the actual number 
of GABAergic cells in the lateral nucleus, the counts were apparently 
not affected by some common technical limitations. Penetration of the 
GABA antibody, for example, appeared to be fairly uniform through 
the 30 pm sections and thus most of the GABAergic neurons were 
apparently identified by the immunohistochemical procedure. Similar- 
ly, quantitative comparisons of the present results with the findings of 
previous studies on the distribution of parvalbumin- and calbindin- 
immunoreactive cells should also be regarded as tentative. The necessity 
of using fixatives for the GABA preparations that differed from those 
used for the calcium-binding protein studies makes the comparison of 
shape and size of neurons across preparations somewhat problematic. 
Comparisons of the number of labeled cells in different preparations 
should not be affected by differences in fixation and thus these findings 
might be regarded as more robust. The distribution of GAD,,- and 
GAD,,-labeled cells in the in situ hybridization preparations from case 
M5-91 were also plotted as described above. 

It was clear at early stages of the analysis that the GABA-positive 
cells formed a heterogeneous neuronal population. To aid in the de- 
scription ofthese cells, we measured the cross-sectional areas ofa sample 
of cells (n = 1297) from a representative section of the lateral nucleus 
(cells were measured from the section illustrated in Fig. 2C). Cells were 
drawn using a microscopic drawing tube and a 100x objective (total 
magnification, 1380 x). The area ofeach cellular profile was determined 
using a digitizing tablet and SIGMASCAN software. Statistical analysis was 
carried out with the STATVIEW statistical package. 

Low-power dark-field and bright-field photomicrographs were taken 
with a Nikon Multiphot 4 x 5 inch system. Higher-magnification pho- 
tomicrographs were taken with a Leitz Dialux 20 microscope equipped 
with a Wild MPS camera system. Additional photomicrographs were 
taken with Nomarski optics. 

Results 
Nomenclature of amygdaloid nuclei and cortical areas 
We have previously provided detailed descriptions of the no- 
menclature used for the amygdaloid complex (Price et al., 1987; 
Amaral et al., 1992). The various amygdaloid areas are indicated 
in the GABA-ir section illustrated in Figure 1 and in the Nissl- 
stained sections in Figure 2. Briefly, the deep nuclei include the 
lateral nucleus (subdivided into ventrolateral and dorsomedial 
divisions), the basal nucleus (subdivided into magnocellular, 
intermediate, and parvicellular divisions), the accessory basal 
nucleus (partitioned into magnocellular, parvicellular, and ven- 
tromedial divisions), and the paralaminar nucleus. The super- 
ficial area,s include the anterior cortical nucleus, the medial 
nucleus, the nucleus of the lateral olfactory tract, the periamyg- 

daloid cortex (which can be subdivided into at least three sub- 
regions: PACs, PAC2, and PAC3), and the posterior cortical 
nucleus. The remaining areas consist ofthe anterior amygdaloid 
area, the central nucleus (divided into lateral and medial sub- 
divisions), the amygdalohippocampal area (which has dorsal 
and ventral subdivisions), and the intercalated nuclei. 

General characteristics of GABA immunoreactivity 

GABA immunoreactivity was only associated with neuronal cell 
bodies and axonal and dendritic processes. In addition to la- 
beling of the soma and dendrites (Figs. 3, 4) short, initial por- 
tions of the axon were occasionally labeled (Fig. 3, cells 5 and 
8). In brains perfused with the fixative containing the low con- 
centration of glutaraldehyde, diffuse GABA immunoreactivity 
was seen throughout the soma and dendritic tree. In the brain 
fixed with the higher concentration of glutaraldehyde, the re- 
action product tended to have a more granular appearance and 
dendrites were not labeled. Neuropil staining consisted of var- 
icose fibers and diffusely distributed varicosities. The neuropil 
staining was denser in the material fixed with the higher con- 
centration of glutaraldehyde (Fig. 5A,B; see Fig. 8B). 

Types of GABA-ir amygdaloid neurons 
Three morphologically distinct types of GABA-ir neurons were 
observed in the monkey amygdala (Figs. 3, 4). All were aspiny 
and resembled neurons immunoreactive for the calcium-bind- 
ing proteins parvalbumin (PitkZnen and Amaral, 1993a) and 
calbindin-D,,, (Pitkgnen and Amaral, 1993b). 

Type 1 cells were the most numerous GABA-ir neurons. They 
were small, multipolar cells found throughout the amygdala 
(Fig. 3, cells 1-7; Fig. 4A-C, see Table 2). Two subtypes of type 
1 cells were observed: most cells were stellate with 8-12 thin, 
beaded primary dendrites (Fig. 3, cells 1-4; Fig. 4A). The second 
subtype was multipolar with fewer and thicker primary den- 
drites. The primary dendrites began to branch approximately 
15-20 wrn away from the cell body and generated a beaded distal 
dendritic tree (Fig. 3, cells 5-7). 

Type 2 cells were larger than type 1 cells, were multipolar, 
had at least one prominent dendrite emanating from the soma 
(Fig. 3, cells 8-l 1; Fig. 4D,E; see Table 2) and were most com- 
monly found in the deep nuclei. Type 2 cells could also be 
divided into two subtypes. The first subtype had relatively short 
primary dendrites that gave off beaded secondary and more 
distal dendrites (Fig. 3, cells 10-l 1). The second subtype tended 
to be somewhat larger than the first and had thicker dendrites 
with large, flattened varicosities (Fig. 3, cells 8 and 9). 

Type 3 GABA-positive cells had a fusiform shape and were 
relatively rare (Fig. 3, cell 12; Fig. 4F, see Table 2). The few 
type 3 cells were typically found in the deep nuclei. 

Appearance of GABA-ir fibers and terminals 

The density ofGABA-ir neuropil in the monkey amygdala ranged 
from relatively low to very high. Neuropil staining was partic- 
ularly high in the central nucleus and in the superficial nuclei 
(see Figs. 1, 8; Table 1). As noted above, these regions had 
relatively few GABA-ir cell bodies (compare Figs. 2D’, 8B). The 
deep nuclei demonstrated a lower level of neuropil staining (see 
Figs. 1, 8). 

Neuropil staining often contained pericellular basket-like 
plexuses that were generally observed around unstained cell 
bodies (Fig. 5A,B). These profiles were more numerous in the 
deep nuclei and in the periamygdaloid cortex. In a previous 
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Figure I. Bright-field photomicrograph of a coronal section through a mid-rostrocaudal level of the monkey amygdaloid complex illustrating the 
overall distribution of GABA immunoreactivity. Numerous black dots (arrows) throughout the section are GABA-ir neuronal cell bodies. Note 
the darkly stained intercalated nuclei (I) that contain numerous labeled cells and dense immunoreactive fiber and terminal plexuses. The section 
photographed in this figure was intensified by the gold chloride method and thus has an overall different appearance from the section photographed 
in Figure 8, which was processed with O,O, intensification. AB, accessory basal nucleus; B, , basal nucleus (intermediate subdivision); B,,, basal 
nucleus (magnocellular subdivision); Bnc, basal nucleus (parvicellular subdivision); CE,, central nucleus (lateral subdivision); CE,, central nucleus 
(medial subdivision); ec, external capsule; L, lateral nucleus; M, medial nucleus; PL, paralaminar nucleus. Scale bar, 0.5 mm. 
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1 mm 

Figure 2. Distribution of GABA-ir neurons in the various nuclei and cortical regions of the monkey amygdala. A-D are Nissl-stained sections 
from four rostrocaudal levels of the amygdala [(arranged from rostra1 (A) to caudal (D)] that indicate the location of different amygdaloid nuclei 
and cortical areas. A ‘-D’ are computer-generated plots of the locations of GABA-ir cells digitized from sections adjacent to the ones in A-D. Each 
dot represents one GABA-ir neuron. Asterzsk-shaped symbol in A indicates the location of the “triangular nucleus” described originally by Amaral 
and Bassett (1989). The star in B indicates the beginning of the magnocellular division of the basal nucleus. Snowflake in C indicates the transition 
area between the nucleus of the lateral olfactory tract and the posterior cortical nucleus. Arrowheads indicate boundaries between superficial regions. 
AAA, anterior amygdaloid area; AB, accessory basal nucleus; AB,,, accessory basal nucleus (parvicellular subdivision); AHA, amygdalahippocampal 
area; B, basal nucleus; B, , basal nucleus (intermediate subdivision); B,,, basal nucleus (magnocellular subdivision); B,,,, basal nucleus (parvicellular 
subdivision); CE,, central nucleus (lateral subdivision); CE,,, central nucleus (medial subdivision); CO,, anterior cortical nucleus; CO,, posterior 
cortical nucleus; I, intercalated nucleus; L, lateral nucleus; M, medial nucleus; mc, accessory basal nucleus (magnocellular subdivision); NLOT, 
nucleus of the lateral olfactory tract; PACZ, PAC3, and PACs, subdivisions of the periamygdaloid cortex; PL, paralaminar nucleus; Pu, putamen; 
vm, accessory basal nucleus (ventromedial subdivision). Scale bars (A, A’), 1 mm for all panels. 
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Figure 2. Continued. 

analysis of parvalbumin immunoreactivity in the monkey 
amygdala, linear terminal profiles reminiscent of axoaxonic car- 
tridges were commonly observed in the basal and lateral nuclei 
(Pitkanen and Amaral, 1993a); these profiles were rarely de- 
tected in the GABA preparations. 

General appearance and distribution of cells 
demonstrating GAD, or GAD,, mFiNA 

The in situ hybridization preparations yielded clear-cut cellular 
labeling (Figs. 6, 7, 9, 10) and there was generally a close cor- 

respondence between the distribution and density of GABA-ir 
cells and cells that demonstrated GAD mRNAs. The number 
of cells containing GAD,, mRNA in the various amygdaloid 
nuclei was highly correlated with the number containing GAD,, 
mRNA (r2 = 0.895). The density of cells positive for GABA, 
GAD,, mRNA, or GAD,, mRNA in each of the amygdaloid 
nuclei is illustrated in Figure 11 C. It is obvious from this illus- 
tration that there is a lack of correspondence between the im- 
munohistochemical and in situ hybridization preparations in 
the central, medial, and anterior cortical nuclei. In all three 



Figure 3. Camera lucida drawings of neurons immunoreactive for GABA in the monkey amygdala. Neurons 1-7 are examples of type 1 cells, 
neurons 8-l I are type 2 cells, and neuron 12 is a type 3 cell. Arrowheads pointing at cells 2 and 1 I indicate the beaded appearance of dendrites. 
The initial segment of axons are indicated by a in cells 5 and 8. Scale bar, 20 pm. 
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Figure 4. Bright-field photomicrographs of GABA-ir neurons in the monkey amygdala. A-C represent type 1 cells (A from the lateral nucleus; B 
and C from the parvicellular division of the basal nucleus). D and E show examples of type 2 cells (both neurons are from the parvicellular division 
of the basal nucleus); F illustrates a type 3 neuron (from the lateral nucleus). Scale bar, 10 pm. 

nuclei, the density of GABA-ir cells was very low compared to 
the number of cells positive for GAD,, and GAD,, mRNA (Figs. 
2, 6). 

Distribution of GABA immunoreactivity and GAD,- or 
GAD,-labeled cells in the various nuclei and cortical 
regions of the monkey amygdala 

In the following, we will summarize the major features of the 
immunohistochemical and in situ staining patterns for each of 

the nuclei of the amygdaloid complex starting with the deep 
nuclei, moving on to the superficial regions, and then concluding 
with other amygdaloid areas such as the central nucleus. 

Deep nuclei 
Lateral nucleus 
Among the deep nuclei, the lateral nucleus had the highest den- 
sity of GABA-positive cells (Fig. 11C). GABA-ir cells were 
distributed throughout the lateral nucleus and there was no 
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Table 1. Distribution of GABA-ir cells and neuropil and cells that contain GAD,, and GAD,, mRNA 
in the different amygdaloid nuclei 

GABA GABA GAD,, GAD,, 
Amygdaloid area Subdivision cells neuropil mRNA mRNA 

Lateral nucleus +++ +++ ++ +++ 
Basal nucleus Magnocellular + + ++ + ++ 

Intermediate + + ++ + ++ 
Parvicellular + + ++ + ++ 

Accessory basal nucleus Magnocellular +++ ++ ++ +++ 
Parvicellular +++ ++ ++ +++ 
Ventromedial +++ ++ ++ +++ 

Paralaminar nucleus + + + + 
Anterior cortical nucleus + +++ +++ +++ 
Medial nucleus + ++++ ++++ ++++ 
Posterior cortical nucleus +++ +++ ++ ++ 
Amygdalohippocampal area +++ +++ ++ ++ 
Periamygdaloid cortex 2 +++ +++ +++ +++ 
Periamygdaloid cortex 3 +++ +++ +++ +++ 
Periamygdaloid cortex, sulcal 

portion +++ +++ +++ +++ 
Nucleus of the lateral olfactory 

tract +++ +++ +++ +++ 
Central nucleus Medial + ++++ ++++ ++++ 

Lateral + ++++ +++ +++ 
Anterior amygdaloid area + ++ + + 

Intercalated nuclei ++++ ++++ ++++ ++++ 

The number of cells and the density of neuropil staining are expressed as + + + +, very high; + + +, high; + +, medium; 
+, low. 

obvious difference in the distribution or density of cells in the 
ventrolateral and dorsomedial divisions of the nucleus (Fig. 2). 
In the lateral nucleus, and throughout much of the amygdala, 
the GABA-ir cells tended to be organized in small clusters sep- 
arated by acellular regions. The distribution of cell cross-sec- 
tional areas of the three types of GABA-ir cells in the lateral 
nucleus is illustrated in Figure 11A. Most (77%) of the GABA- 
ir cells had type 1 morphology. Scattered among the type 1 cells 
were a few large, multipolar type 2 cells (14%) and fewer (9%) 
fusiform type 3 cells. 

We have attempted to arrive at a rough estimate of the pro- 
portion of GABA-ir neurons in the lateral nucleus. In adjacent 
sections in which all GABA-ir neurons (Fig. 2C’) or all Nissl- 
stained neurons (Fig. 2C) were counted, there were 1297 GABA- 
positive cells and 6509 Nissl-stained neurons. Thus, the pop- 
ulation of GABA-ir cells accounted for approximately 20% of 
the neurons in the lateral nucleus. 

The density of GAD,, mRNA (109 cells/mm2) and GAD,, 
mRNA (117 cells/mm2) containing cells in the lateral nucleus 
was slightly lower than the density of GABA-ir cells (Table 2; 
Figs. 6,.7, 11C). Since these counts are based on analyses of a 
limited number of sections, we do not wish to stress the differ- 
ences in the amount of labeling in the immunohistochemical 
and in situ preparations except for those regions where both in 
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situ probes showed substantially different counts from the im- 
munohistochemical preparations, such as in the central nucleus. 

GABA staining of fibers and terminals in the lateral nucleus 
was denser than in any of the other deep nuclei (Table 1). The 
ventrolateral portion of the lateral nucleus had a somewhat 
higher density of punctate neuropil staining and many unstained 
neurons in this region were surrounded by immunopositive var- 
icosities. 

The lateral capsular nuclei are small, cell-dense patches lo- 
cated at the lateral margin of the lateral nucleus (Amaral and 
Bassett, 1989). These small nuclei had about the same density 
of GABA-ir and GAD,,- and GAD,,-positive cells as the lateral 
nucleus but fiber and terminal labeling was distinctly higher. 

Basal nucleus. The density of GABA-ir cells in the basal 
nucleus (90 cells/mm2) was slightly lower than in the lateral and 
accessory basal nuclei (Figs. 2, 11 C). The density of GABA-ir 
cells was similar in the magnocellular (79 cells/mm2) and in- 
termediate divisions (72 cells/mm2) of the basal nucleus and 
slightly higher in the parvicellular division (102 cells/mm2). 
Type 1 cells were most common throughout the basal nucleus 
and type 2 cells were mainly observed in the intermediate and 
parvicellular divisions (Fig. 4D,E); very few type 3 cells were 
seen in the basal nucleus. The density of GAD mRNA-labeled 
cells was also slightly lower in the basal nucleus (GAD,,, 70 

Figure 5. A, Bright-field photomicrograph that shows GABA-ir basket plexuses (b/u& on white arrows) around unstained somata in the nucleus 
of the lateral olfactory tract. Curved arrows indicate GABA-ir neurons (Nomarski optics). B, A higher-magnification photomicrograph taken with 
Nomarski optics in the parvicellular division of the basal nucleus that shows immunoreactive varicosities (straight arrows) surrounding unstained 
neuronal cell bodies (asterisks) in a basket-like manner. Curved arrow points to a GABA-ir neuron. C, Bright-field photomicrograph that shows 
linear profiles resembling “woolly fibers” found especially in the central nucleus. Scale bars: A, 50 pm; B, 10 pm; C, 25 pm. 
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Figure 6. Expression of GAD,, mRNA in different nuclei of the monkey amygdala (monkey MS-91, left amygdala). The panels at left illustrate 
outlines’of different amygdaloid nuclei that were drawn from N&l-stained sections adjacent to the autoradiograms shown at right. Star symbol in 
B (left) indicates the beginning of the magnocellular division of the basal nucleus. The panels at right show dark-field photomicrographs of 
autoradiograms that demonstrate the distribution of GAD,, mRNA-expressing neurons. Arrows indicate boundaries between superficial regions. 
For abbreviations, see Figure 2. Scale bar (A, right), 1 mm for all panels. 

cells/mm*; GAD,,. 90 cells/mm*) than in the lateral and acces- intermediate divisions than in the parvicellular division. One 
sory basal nuclei (Figs. 6, 7, 11C). characteristic feature of the magnocellular division of the basal 

The overall density of GABA-ir fiber and terminal labeling nucleus was the appearance of numerous pericellular baskets; 
in the basal nucleus was lower than in the lateral nucleus (Table these surrounded the unstained somas of the large cells that 
1). Within the basal nucleus, a slightly higher density of GABA- populate this region (Fig. 5B). 
ir fibers and terminals was observed in the magnocellular and Paralaminar nucleus. The paralaminar nucleus forms the 
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Figure 6. Continued. 

ventral and rostra1 borders of the basal nucleus. There was a Accessory basal nucleus. All divisions of the accessory basal 
marked decrease in the number of GABA-ir cells (65 cells/mm2) nucleus had a relatively high density of GABA-ir cells (113 cells/ 
as one moved from the parvicellular division of the basal nu- mmZ) (Fig. 2, Table 1). Most of the GABA-ir cells were type 1, 
cleus into the paralaminar nucleus (Fig. 2A’-D’) and most of though type 2 cells were also seen. Cells expressing GAD were 
the labeled cells were type 1. The in situ hybridization prepa- evenly distributed throughout the accessory basal nucleus (Figs. 
rations confirmed the low number of GABAergic cells (GAD,,, 6,7). The density of labeled cells (GAD,,, 108 cells/mm*; GAD,,, 
25 cells/mm$ GAD6,, 30 cells/mm’; Figs. 6, 7, 11C). GABA- 146 cells/mm,) was higher than in the basal nucleus but lower 
ir neuropil staining in the paralaminar nucleus was also quite than in the adjacent periamygdaloid cortex. The accessory basal 
low (Table 1). nucleus had a medium density ofneuropil labeling with a slightly 
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Figure 7. Expression of GAD,, mRNA in different nuclei of the monkey amygdala (monkey MS-9 1, right amygdala). The panels at left illustrate 
outlines of different amygdaloid nuclei that were drawn from Nissl-stained sections adjacent to the autoradiograms shown at right. Asterisk-shaped 
symbol in A (lefi) indicates a cluster of darkly stained cells that could not easily be related to any of the previously identified amygdaloid regions. 
Star symbol in B (left) indicates the beginning of the magnocellular division of the basal nucleus. The panels at right show dark-field photomicrographs 
of autoradiograms that demonstrate the distribution of GAD,, mRNA-expressing neurons. For abbreviations, see Figure 2. Scale bar (A, right), 1 
mm for all panels. 

higher density of immunoreactive fibers and terminals in the was higher than in the dorsally adjacent anterior cortical and 

ventromedial division (Table 1). medial nuclei and about the same as in the deep nuclei (Fig. 
2A 3’). In layer II, the GABA-ir neurons were scattered among 

Superficial nuclei unstained neuronal profiles that were outlined by immunoreac- 
Nucleus of the lateral olfactory tract. The number of GABA-ir tive varicosities. The great majority of labeled cells were type 
cells in the nucleus of the lateral olfactory tract (119 cells/mm*) 1. There was a substantially higher density of cells with GAD,, 
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Figure 7. Continued. 

(206 cells/mm*) and GAD,, mRNAs (2 19 cells/mm2) than were 
GABA-ir but the distribution of the labeled cells was similar 
(Figs. 6, 7). GABA-ir fiber and terminal labeling was high in 
the nucleus ofthe lateral olfactory tract and much ofthe neuropil 
labeling was composed of basket-like pericellular plexuses. 

Periamygdaloid cortex. The distribution of GABA-ir neurons 
and neuropil as well as the distribution of cells that contained 
GAD mRNA was quite similar throughout the periamygdaloid 
cortex. The density of GABA-ir neurons in the periamygdaloid 

cortex was high (Fig. 2). The density of in situ labeled cells closely 
matched the number of GABA-ir cells (Fig. 11 C). The density 
of GAD,, mRNA and GAD,, mRNA in situ labeled cells in the 
periamygdaloid cortex was noticeably higher than in the deep 
nuclei of the amygdala (Figs. 6, 7). The density of GABA-ir 
neuropil staining was consistently high throughout the peri- 
amygdaloid cortex (Table 1) and numerous pericellular baskets 
surrounding unstained neuronal profiles were found in layer II. 

Anterior cortical nucleus. The anterior cortical nucleus had 
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Figure 8. A, Bright-field photomicrograph of a Nissl-stained section from the caudal portion of the amygdala. B, A bright-field photomicrograph 
of a section adjacent to the one illustrated in A. This one has been immunohistochemically processed for the distribution of GABA. Note that 
there is substantially greater GABA immunoreactivity in the central and medial nuclei than in the basal and accessory basal nuclei, Most of this 
reaction product is associated with fibers and varicosities. For abbreviations, see Figure 2. Scale bar, 1 mm. 

one of the lower densities of GABA-ir cells in the amygdala (6 1 
cells/mm2) (Fig. 2A:B’). Most of the GABA-ir cells were type 
1, were located in layers II and III, and were ovoid or spherical 
in shape without visible processes. The density of cells that 
contained GAD,, mRNA (182 cells/mm2) and GAD,, mRNA 
(232 cells/mm2) was clearly higher than the density of GABA- 
ir cells (compare Fig. 2A:B’with Figs. 6A,B, 7A,B). In fact, the 
anterior cortical nucleus had one of the highest densities of in 
situ labeled cells in the amygdala (Fig. 1lC). The density of 
GABA-ir neuropil staining was also quite high in the anterior 
cortical nucleus (Table 1). Many of the stained fibers and var- 
icosities in layer II formed basket-like plexuses around un- 
stained somas. 

Medial nucleus. The pattern of labeling in the medial nucleus 
was very similar to that in the anterior cortical nucleus. The 
density of GABA-ir neurons was very low (45 cells/mm2) (Fig. 
2C’,D’) but the density ofcells positive for GAD mRNA (GAD,,, 
174 cells/mm2; GAD,,, 179 cells/mm2) was very high (Figs. 6, 
7, 1lC). At anterior levels of the medial nucleus, labeled cells 
were preferentially located in the superficial portion of layer II 
and in the deep portion of layer III. In the caudal portion of the 
medial nucleus, labeled cells were more homogeneously dis- 
tributed throughout layers II and III. 

The level of GABA-ir neuropil staining in the medial nucleus 
was among the highest in the monkey amygdaloid complex 
(Table 1). Pericellular baskets in layer II were even more prom- 
inent than in the anterior cortical nucleus. A densely immu- 
noreactive fiber bundle was located immediately lateral to the 
medial nucleus. 

Posterior cortical nucleus. The posterior cortical nucleus had 

a very high number of type 1 GABA-ir neurons (222 cells/mm2) 
(Fig. 20’). Overall, there was a slightly lower density of in situ 
labeled cells (GAD6, mRNA, 17 1 cells/mm2; GAD,, mRNA, 
116 cellslmm2) (Figs. 6, 7, 1 IC). There was dense GABA-ir 
neuropil staining in the posterior cortical nucleus (Table 1). In 
the superficial portion of layer II, there were numerous basket 
plexus profiles. 

Other nuclei 
Anterior amygdaloid area. The number of cells found to be 
GABA-ir or to contain GAD mRNAs was about equal to that 
observed in the deep nuclei. The GABA-ir neuropil staining in 
the anterior amygdaloid area was also similar to that in the deep 
nuclei. 

Central nucleus. The central nucleus proved to have one of 
the most complex distributions of GABAergic markers in our 
preparations. It had the lowest density (3 1 cells/mm2) of GABA- 
ir cells in the monkey amygdaloid complex (Figs. 2C’,D’, 11 C). 
The GABA-ir cells were typically type 1, which rarely dem- 
onstrated a clearly identifiable dendritic tree; an occasional fu- 
siform cell was also observed in the central nucleus. 

Given the low number of GABA-ir neurons, it was somewhat 
surprising that the central nucleus had the highest density of 
cells containing GAD mRNAs (GAD,,, 28 l/mm2; GAD,,, 257/ 
mm2) (Figs. 6, 7, 11C). The number of labeled cells was ap- 
proximately the same in the medial and lateral subdivisions of 
the central nucleus. Interestingly, the density of silver grains 
observed over neurons in the central nucleus was substantially 
lower than over labeled cells in other areas, such as the lateral 
nucleus (Fig. 9). 
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Figure 9. Expression of GAD,, mRNA in the lateral nucleus (A) and in the medial division of the central nucleus (B). Open arrows indicate 
labeled cells. Note the higher grain density over cells in the lateral nucleus compared to those in the central nucleus. Scale bar, 20 pm. 

Figure 10. A, Silver-intensified immunohistochemical preparation of GABA-positive cells in the intercalated nucleus. B, Dark-field photomicro- 
graph illustrating expression of GAD,, mRNA in the intercalated nucleus. C, Dark-field photomicrograph illustrating expression of GAD,, mRNA 
in the intercalated nucleus. Arrows indicate the boundaries of the intercalated nucleus. Scale bar, 50 Mm. 
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Table 2. The number and size of type l-3 GABA-ir, parvalbumin-ir, and calbindin-D,,,-ir cells in the 
lateral nucleus of the monkey amygdala 

Cell % of Cells/ Mean size f SD Minimum Maximum 
Cell type Immunoreactivity number cells mm* (fimZ) Cum*) (umz) 
All types GABA 1297 100 148 95 + 39 33 297 

Parvalbumin 443 100 56 115 * 50 38 357 
Calbindin-D,,, 478 100 57 114 t- 50 42 337 

Type 1 GABA 1002 77 115 82 + 24 33 242 

Parvalbumin 280 63 35 95 -c 28 38 205 

Calbindin-D,,, 384 80 46 102 k 40 42 263 

Type 2 GABA 183 14 21 150 L 46 66 297 
Parvalbumin 110 25 14 158 f 64 53 357 

Calbindin-D,,, 26 6 3 178 f 59 63 307 
Type 3 GABA 112 9 13 122k 42 60 262 

Parvalbumin 53 12 7 133 IL 49 52 247 

Calbindin-D,,, 68 14 8 156 in 55 54 337 

SD. standard deviation of mean. Minimum and maximum refer to the smallest and largest cell areas found in the 
specified region. 

In contrast to the low density of GABA-ir cells, the central 
nucleus had one of the highest densities of GABA-ir fiber and 
terminal labeling (Fig. 8, Table 1). There were no clear differ- 
ences in the density of neuropil labeling in the medial and lateral 
divisions of the central nucleus. Fiber and terminal labeling had 
a diffuse appearance, and there were few basket-like plexuses. 
We did, however, observe long, often transversely oriented thick 
profiles that were made up of parallel strings of immunoreactive 
varicosities (Fig. 5C). These were particularly prominent in the 
lateral division of the nucleus and were possibly segments of 
dendrites studded with GABAergic varicosities. They resembled 
the so-called “woolly fibers” (Haber and Elde, 1982; Haber and 
Nauta, 1983; Amaral et al., 1989) that have been reported in 
the amygdala and substantia innominata in peptide immuno- 
histochemical preparations. 

Amygdalohippocampal area. The amygdalohippocampal area 
contained a very high number of GABA-ir neurons (198 cells/ 
mm2) that were similar to those in the periamygdaloid cortex 
(Fig. 209. Many in situ labeled cells were evenly distributed in 
the amygdalohippocampal area (GAD,, mRNA, 158 cells/mm*; 
GAD,, mRNA, 13 1 cells/mm*) (Figs. 6, 7, 11 C). GABA-ir neu- 
ropil staining was also high in the amygdalohippocampal area 
(Table 1) and basket-like plexuses around unstained cell bodies 
were common. 

Intercalated nuclei. In most of the intercalated nuclei (Fig. 
2A’-C’) the number of GABA-ir cells was substantially higher 
than observed in the deep nuclei. In fact, in some intercalated 
nuclei, essentially all of the small neurons appeared to be labeled 
(Fig. 10A). However, due to the light staining of individual 
neurons and the relatively dense neuropil staining in which they 
were embedded, it was often difficult to visualize stained cell 
profiles. A few apparent intercalated nuclei demonstrated sub- 
stantially fewer labeled cells [Fig. 2, B’(latera1 to anterior cortical 
nucleus) and D’ (dorsal to the lateral nucleus)]. A very high 
number of cells containing GAD mRNAs was also found in the 
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intercalated nuclei (Figs. 6C; 7B,C; lOB,C). In these prepara- 
tions as well, it appeared that essentially all of the neurons in 
these small, cell-dense islands were labeled in the in situ prep- 
arations. The most distinctive feature of the intercalated nuclei, 
however, was their very high density of fiber and terminal la- 
beling; the immunoreactive plexus of fibers and terminals ap- 
peared to be the densest of any nucleus in the monkey amyg- 
daloid complex (Fig. 10A). 

GABA in amygdaloid pathways 
GABA-positive fibers were observed along the entire course of 
the stria terminalis. Some of these fibers entered the medially 
adjacent extension of the bed nucleus of the stria terminalis and 
developed a dense fiber and terminal network there. The rela- 
tively high level of fiber and terminal labeling continued into 
the main portion of the bed nucleus of the stria terminalis, which 
resembled the central nucleus in having high terminal labeling 
with a low number of GABA-ir cells. There were also GABA- 
ir fibers in the region occupied by the ventral amygdalofugal 
pathway. But since this region is so heterogeneous it is difficult 
to know whether these GABA-ir fibers are related to the amyg- 
daloid complex. 

Comparison of GABA immunoreactivity to parvalbumin 
and calbindin-D,,, immunoreactivities 
We have previously described the density and cross-sectional 
area of parvalbumin-ir and calbindin-D,,,-ir cell types in the 
lateral nucleus of the monkey amygdala (Pitkanen and Amaral, 
1993a,b). In many cortical and subcortical areas, there is sub- 
stantial colocalization of the calcium-binding proteins and GABA 
(e.g., see Katsumaru et al., 1988; Hendry et al., 1989). For this 
reason, it is of some interest to compare the morphological 
characteristics and distribution of the GABA-ir, parvalbumin- 
ir, and calbindin-D,,,-ir neurons. While differences in fixation 
and subsequent processing of tissue limits the absolute com- 

Fi,pure 1 I. Bright-field photomicrographs of neurons immunoreactive for GABA (A-C), parvalbumin (D-F), and calbindin-D,,, (G-I) in the 
m&key amygd;a provide a comparison of morphological cell types visualized with each of these staining procedures. Type 1 cells are illustrated 
in the left panels (A, D, G), type 2 cells are shown in the middle panels (B, E, H), and type 3 cells are shown on the right (C, F, I). Scale bar, 
25 urn. 





parability of these preparations, we nonetheless found that the 
mean size of type 1 cells was fairly similar in the GABA-ir and 
parvalbumin-positive cell populations (Table 2); the calbindin- 
D,,, cells appeared to be somewhat larger. The same similarity 
of sizes is true for the other cell types. Thus, it would appear 
that the size distributions of the three different populations of 
cells are largely overlapping. 

Perhaps more important than similarities in cross-sectional 
area are comparisons of densities for cells labeled for the three 
GABA-related markers (Table 2). It should be borne in mind 
that rather limited quantitative measures were taken of the den- 
sity distribution of these cell types. Nonetheless, it appeared 
that in the lateral nucleus, the density of GABA-ir cells (1481 
mm*) was substantially higher than the density of parvalbumin- 
ir (56/mm*) or calbindin-D,,,-ir (57/mm2) cells. This would 
suggest that even if there was virtually no colocalization of the 
two calcium-binding proteins, there would still be a sizable pop- 
ulation of GABAergic neurons that would contain neither par- 
valbumin nor calbindin-D,,,. This result fits well with studies 
conducted in other brain regions (Katsumaru et al., 1988; Nitsch 
et al., 1990; Gulyas et al., 199 1; Nitsch and Leranth, 199 1) that 
indicate that there is a separate population of GABAergic neu- 
rons that contain one or more peptides but not the calcium- 
binding proteins. 

Finally, in Figure 12 we demonstrate similarities in the somal 
and dendritic features of the three cell types in the GABA, 
parvalbumin, or calbindin-D,,, preparations. Perhaps the clear- 
est morphological difference that we observed was in the pop- 
ulations of type 3 cells (Fig. 12C,F,Z). Parvalbumin-ir type 3 
neurons typically had a shorter primary dendrite than the GABA- 
ir and calbindin-D,,,-ir neurons. 

Discussion 
We have carried out immunohistochemical and in situ hybrid- 
ization studies of the distribution of GABAergic neurons in the 
macaque monkey amygdaloid complex. GABAergic neurons 
were visualized in the amygdala both immunohistochemically, 
using antibodies directed against GABA, and with mRNA probes 
for GAD,, or GAD,,. GABAergic neurons were distributed 
throughout the amygdaloid complex and accounted for approx- 
imately 20% of the neuronal population, at least in the lateral 
nucleus. In some regions, such as the intercalated nuclei, vir- 
tually all of the resident neurons appeared to be GABAergic. 
The GABAergic neurons were heterogeneous in size and shape, 
and three distinct types of GABA-positive cells were identified. 
In general, the density and distribution of GABA-ir neurons 
corresponded closely to the in situ labeling patterns. Only in the 
central, medial, and anterior cortical nuclei was there a disparity; 
the in situ probes labeled far greater numbers of cells than were 
identified immunohistochemically. GABA-ir fibers and termi- 
nals were also observed throughout the amygdala and were par- 
ticularly prominent in the central, medial, anterior cortical, and 
intercalated nuclei. Terminal labeling often took the form of 
pericellular baskets though other profiles, such as presumed per- 
idendritic terminal arrays (“woolly fibers”) were also observed. 
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Comparison of the distribution of GABA-ir neurons, terminals, 
andjbers in the monkey amygdaloid complex with previous 
studies in the rat 

The regional distribution of GABA-ir cells in the monkey amyg- 
daloid complex is consistent with earlier work in the rat amyg- 
dala (McDonald, 1985; Ottersen et al., 1986; Nitecka and Ben- 
Ari, 1987; Carlsen, 1988; Nitecka and Frotscher, 1989). These 
studies have consistently demonstrated that the deep nuclei have 
a higher density of GABA-ir neurons than the central and medial 
nuclei. It is also clear from the rat studies that the number of 
labeled cells observed in the central nucleus is sensitive to whether 
the axoplasmic transport inhibitor colchicine is used and which 
particular antibody was employed. 

The distribution of GABA-positive neuropil labeling was also 
comparable in the monkey and rat (McDonald, 1985; Ottersen 
et al., 1985; Nitecka et al., 1987; Carlsen, 1988). In both species, 
the neuropil staining was somewhat higher in the central and 
medial nuclei than in the lateral, basal, and accessory basal 
nuclei, although these deep amygdaloid nuclei also had a prom- 
inent GABA-ir neuropil. In the basal nucleus of the rat, Carlsen 
(1988) has demonstrated that GAD-ir terminals form symmet- 
rical synapses on the cell bodies of non-GABAergic projection 
neurons (those that give rise to the amygdalostriatal pathway) 
as well as on other GAD-ir neurons. We also observed the 
perisomatic distribution of GABA-ir terminals on the larger 
presumed projection neurons of the basal nucleus and other 
deep nuclei. This is suggestive evidence that there is substantial 
inhibitory control of the amygdaloid efferents (such as those to 
neocortex and striatum) that originate from these cells. Vari- 
cosities were also observed in close association with other GABA- 
ir neurons in the deep nuclei of the monkey amygdala but per- 
isomatic baskets were much more difficult to detect. In addition 
to the conspicuous perisomatic distribution of varicosities, 
GABA-ir punctate profiles were distributed throughout the neu- 
ropil. This may reflect the existence of GABAergic synapses on 
distal dendrites as suggested by Carlsen (1988) and Nitecka and 
Frotscher (1989) in the rat amygdala. Another distinctive ter- 
minal specialization observed in the monkey central nucleus 
consisted of a series of parallel strings of varicosities that ap- 
peared to outline dendritic profiles. These closely resembled the 
so-called “woolly fibers” that were initially described by Mug- 
naini and Oertel (1985) in the central nucleus of the rat amyg- 
dala. 

Comparison of present results with previous studies in the 
primate 
As this article was in the final stages of preparation, a report on 
the distribution of GABA-ir profiles in the monkey amygdala 
appeared by McDonald and Augustine (1993). These studies 
were carried out in Macaca fascicularis monkeys (as in the pres- 
ent study) but used a different, commercially available poly- 
clonal antiserum (Incstar, Inc.) and no in situ hybridization was 
carried out. The animals in this study were also treated with 
intraventricular colchicine 24 hr prior to death. 

F&ox? 12. A, The distribution of cross-sectional areas (“cell size”) of the three classes of GABA cells are plotted in this panel. B, A comparison 
of the cell sizes of type 1 GABA-ir, calbindin-DL,,-ir, and parvalbumin-ir neurons. C, This histogram compares the density of cells immunoreactive 
for GABA with neurons that express either GAD,, mRNA or GAD,, mRNA in different nuclei of the amygdala. Abbreviations are as in Figure 2. 
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In most respects, our results and those of McDonald and 
Augustine (1993) are comparable. The only area in which there 
was some difference was in the density and distribution of cells 
in the central nucleus. McDonald and Augustine (1993) ob- 
served a greater number ofcells in this region than we did overall 
and they also observed a greater number in the lateral division 
than in the medial division. We did not notice a significant 
difference in the number of labeled cells in the two regions in 
the GABA-ir preparations and, if anything, there was a slightly 
higher number of labeled cells in the medial division of the 
central nucleus in the in situ preparations (see below). Since 
there were no plots of the density of GABA-ir cells in the central 
nucleus nor any indication of quantification of cell numbers in 
this region, it is difficult to compare their results directly with 
our own. Since our results in other portions of the amygdala 
are generally consistent with theirs, we attribute their higher 
number of labeled cells in the central nucleus to the colchicine 
treatment of their animals rather than to some other factor such 
as the possible cross-reactivity of their polyclonal antibody. We 
will discuss this issue further in the next section. 

Distribution of GAD,, and GAD,, mRNAs and its relationship 
to the occurrence of GABA-ir cells in the monkey amygdala 

The mammalian brain contains at least two mRNAs for the 
GABA synthetic enzyme, GAD (Erlander et al., 199 1; Kaufman 
et al., 1991). One encodes a form of GAD with a molecular 
weight of 65 kDa and another with a molecular weight of 67 
kDa. The only available report concerning the expression of 
GAD in the amygdala is the brief mention of the amygdala in 
a recently published survey article (Benson et al., 1992). These 
authors analyzed the distribution of mRNA that encodes the 
67 kDa form of GAD in the rat amygdala. Interestingly, they 
concluded that the level of GAD mRNA was low in all regions 
of the amygdaloid complex. 

Using probes for GAD,, and GAD,,, we demonstrated cells 
that expressed these mRNAs throughout the monkey amyg- 
daloid complex. The number and distribution of in situ labeled 
neurons closely paralleled the results of the immunohistochem- 
ical studies. This replication using independent methods pro- 
vides substantial assurance that the present data are a reasonably 
reliable estimate of the relative density of GABAergic neurons 
in the primate amygdala. A clear difference was observed, how- 
ever, in the central, medial, and anterior cortical nuclei. Here 
there was a very high number of neurons expressing GAD 
mRNAs but very few GABA-ir neurons. In fact, the density of 
in situ labeled cells in the central nucleus was the highest in the 
amygdaloid complex whereas it had the lowest density of GABA- 
ir neurons (Table 2). These findings are similar to results by 
Chan-Palay et al. (1988) who demonstrated a higher density of 
cells labeled by in situ hybridization than by immunohisto- 
chemistry for neuropeptide Y in the human diencephalon. 

At this point we return to a discussion of the differences in 
GABA staining in our study and the recent study of McDonald 
and Augustine (1993). Previous studies in the rat amygdala have 
demonstrated that colchicine pretreatment increases the number 
of GAD-ir cells, especially in the central nucleus (Mugnaini and 
Oertel, 1985). Presumably the inhibition of axoplasmic trans- 
port leads to a buildup of synthesized enzyme in the cell body 
that allows for identification by the immunohistochemical pro- 
cedure. Since our in situ results indicate a high level of GAD 
mRNA in the central nucleus and McDonald and Augustine 
(1993) observed a higher number of cells in this nucleus follow- 

ing colchicine administration, it is reasonable to suggest that the 
lower number of GABA-ir cells that we observed was due to 
the lack of colchicine treatment in our preparations. This raises 
the question, however, of why the number of cells we observed 
in the deep nuclei were comparable with the in situ findings and 
with the findings of McDonald and Augustine (1993). What is 
different about the GABAergic neurons in the central nucleus 
that made them refractory to our immunohistochemical pro- 
cedures? While we can only speculate at this time, it would be 
interesting if the lack of staining indicated a much greater rate 
or distance of axoplasmic transport for neurons in the central 
nucleus. Perhaps the reason for the increased transport is that 
many of the central nucleus GABA-ir cells are projection neu- 
rons whereas the majority of amygdaloid GABA-ir cells in the 
deep nuclei are interneurons. Since the in situ preparations in- 
dicated that virtually all of the central nucleus neurons contain 
mRNAs for GAD, one could predict that a sizable component 
of the far-ranging brainstem projections arising from the central 
nucleus (Price and Amaral, 198 1) uses GABA as a transmitter. 
The confirmation of this prediction awaits double labeling 
studies. We should also note that the grain density over labeled 
cells in our in situ preparations was noticeably lower in the 
central nucleus than in the deep nuclei. This raises the possibility 
that the level of GABA synthesis is much lower in central nu- 
cleus neurons and this could also contribute to difficulties in 
visualizing GABAergic neurons with immunohistochemical ap- 
proaches. 

GABAergic cells in the monkey amygdala are heterogeneous 

As in the rat, the GABAergic neurons in the monkey amygdala 
form a heterogeneous population. All are aspiny, but vary in 
size and shape of soma and in the orientation of their dendritic 
trees; we have identified three distinct types ofGABA-ir neurons 
based on somal and dendritic morphology. Relative to previous 
Golgi studies, most of these neurons resemble the Golgi class 
II cells described in the rat amygdala by McDonald (1982, 1984) 
and the aspiny Golgi class III neurons, which are devoid of 
lipofuscin granules in the human amygdala (Braak and Braak, 
1983). 

One neurochemical index of the heterogeneity of GABAergic 
neurons is the fact that different subsets appear to colocalize 
with other neuroactive substances. While we have not yet carried 
out the necessary double labeling studies, we have carried out 
independent analyses of the distribution of neurons containing 
other markers associated with GABAergic neurons such as so- 
matostatin, parvalbumin, and calbindin-D,,, (Amaral et al., 
1989; Pitkanen and Amaral, 1993a,b). The distribution, mor- 
phology, and size of cell types stained for these substances are 
consistent with the possibility that they are colocalized with 
GABA. For example, cells resembling the stellate type 1 GABA- 
ir cells were also common in the parvalbumin (Pitkanen and 
Amaral, 1993a) and calbindin-D,,, (Pitkanen and Amaral, 
1993b) preparations. It is also likely that there will be some 
regional selectivity of the colocalization of GABA with other 
substances. In the central nucleus, for example, we observed 
relatively few parvalbumin-ir neurons but there were numerous 
somatostatin-positive cells. In this nucleus, therefore, many of 
the GABA cells may colocalize with somatostatin rather than 
parvalbumin. Perhaps the most salient point that can be made 
at this time is that the number of cells that demonstrate par- 
valbumin or calbindin-D,,, immunoreactivity in the monkey 
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amygdala is smaller than the total number of GABAergic neu- 
rons. Thus, the monkey amygdala must contain a sizable pop- 
ulation of GABA-ir cells that contains neither parvalbumin nor 
calbindin. These cells may either express another calcium-bind- 
ing protein or may be members of the cell types observed in 
other brain regions that colocalize GABA and a peptide trans- 
mitter candidate such as somatostatin. That the latter is true 
derives support from work carried out in the rat. In the rat 
amygdala, GABA was found to colocalize with somatostatin, 
neuropeptide Y, cholecystokinin, vasoactive intestinal polypep- 
tide, and the calcium-binding proteins parvalbumin and cal- 
bindin (McDonald and Pearson, 1989; McDonald and Bain- 
bridge, 1990). 

Another signature of GABAergic heterogeneity is differences 
in synaptic profiles. In the monkey cerebral cortex, one sub- 
population of GABAergic cells is formed by so-called chandelier 
or axoaxonic cells (Hendry et al., 1989). The hallmark of these 
neurons is the cartridge-like terminal arborization that they form 
on the initial segments of pyramidal cell axons (DeFelipe et al., 
1989). We have recently described parvalbumin-ir cartridges in 
the magnocellular and intermediate divisions of the basal nu- 
cleus and in the ventrolateral division of the lateral nucleus of 
the monkey amygdala (Pitkanen and Amaral, 1993a). Since 
parvalbumin colocalizes with GABAergic cells in several brain 
regions (Hendry et al., 1989) including the rat amygdaloid com- 
plex (McDonald and Bainbridge, 1990) and since we also found 
similarities in the morphology of parvalbumin-ir and GABA- 
ir cells, we expected to observe GABA-ir cartridges. We saw 
very few of these profiles, however. It may be that our inability 
to detect cartridges in the GABA immunohistochemical prep- 
arations is due, in part, to the obscuring effect of the high density 
of immunopositive varicosities that form the background neu- 
ropil staining. In contrast to chandelier cells, basket cells form 
pericellular basket-like plexuses of terminals around principal 
neurons. Many of these basket profiles were observed both in 
the parvalbumin preparations and in the present GABA ma- 
terial. This suggests that these two markers are colocalized in a 
population of basket cells. Another distinctive terminal profile 
was the accumulation of rows of varicosities that appeared to 
outline dendritic processes. These resembled the so-called 
“woolly fibers” that are apparent in basal forebrain preparations 
for the visualization of peptides (Haber and Elde, 1982; Haber 
and Nauta, 1983). In our previous study of the distribution of 
somatostatin immunoreactivity in the monkey amygdala 
(Amaral et al., 1989) these profiles were most conspicuous in 
the central nucleus. Interestingly, in the present study similar 
profiles were seen in the GABA immunohistochemical prepa- 
rations, again most commonly in the central nucleus. 

Electrophysiological indications of heterogeneity in the 
GABAergic system of the amygdala 
We have already discussed the fact that there is heterogeneity 
in the morphology of GABAergic cells as well as in the patterns 
of terminal labeling in the monkey amygdala. It also appears 
that the GABA system has further heterogeneity imposed on it 
by the different GABA receptor types located in the amygdala, 
by the presence both of intrinsic and extrinsic GABAergic pro- 
jections and by the participation of GABAergic cells in feed- 
forward and direct inhibitory circuits. 

Recent electrophysiological and pharmacological findings in- 
dicate that, in the rat amygdala, as in the hippocampus, GA- 

BAergic inhibition is mediated both by GABA, and GABA, 
receptors (Nose et al., 199 1; Asprodini et al., 1992; Washburn 
and Moises, 1992a). These studies indicate that when GABA is 
released at the soma of receptive cells, a GABA-mediated short- 
latency hyperpolarization will be obtained. When GABA is re- 
leased at dendritic sites, in contrast, a long-latency GABA, re- 
ceptor mediated hyperpolarization is observed (Washburn and 
Moises, 1992a). Interestingly, Sugita et al. (1992) have provided 
electrophysiological evidence that in the rat lateral nucleus the 
intra-amygdaloid inputs to GABA, and GABA, receptors orig- 
inate from two distinct populations of GABAergic neurons. 

Despite the morphological heterogeneity apparent in immu- 
nohistochemical studies of GABAergic amygdaloid neurons, only 
one inhibitory cell type has been characterized electrophysio- 
logically in the rat amygdala (Washburn and Moises, 1992b). 
These fast-firing neurons demonstrated electrophysiological 
similarities with inhibitory intemeurons (theta cells) found in 
the rat hippocampus (Schwartzkroin and Mathers, 1978). Ger- 
mane to the issue of different GABAergic cell types, Washburn 
and Moises (1992b) demonstrated with Lucifer yellow intra- 
cellular filling of the fast-firing cells substantial morphological 
heterogeneity. This would indicate that future studies may sort 
out the different classes of amygdaloid GABAergic neurons and 
define their differential electrophysiological characteristics. 

As noted above, there appear to be both extrinsic and intrinsic 
sources of GABAergic fibers for the amygdala that produce 
inhibition through feedforward and direct mechanisms. Elec- 
trical stimulation of the stria terminalis, for example, results in 
feedforward inhibition in the basal nucleus of the rat amygdala 
that has both GABA, receptor-mediated fast-IPSP and GABA, 
receptor-mediated slow-IPSP components. Mello et al. (1992a,b) 
have similarly shown that stimulation of the basal forebrain 
leads to short-latency IPSPs that presumably are the result of a 
direct inhibitory projection. Stimulation of the lateral nucleus 
resulted in both feedforward and direct inhibition of neurons 
in the basal nucleus (Rainnie et al., 199 1). The direct inhibition 
from the lateral nucleus to the basal nucleus was reported to be 
GABA, receptor mediated. Interestingly, we recently found that 
about 10% of the synaptic contacts formed by projections from 
the lateral to the basal nucleus in the rat were symmetric and 
thus probably inhibitory (Stefanacci et al., 1992). 

Functional considerations. As in most brain regions, the spe- 
cific functional contribution of GABAergic inhibitory mecha- 
nisms in the amygdala is unknown. Two attributes of the amyg- 
dala, that is, its involvement in temporal lobe epilepsy and in 
the evocation of anxiety, are linked to GABAergic function and 
we will briefly highlight these areas of interest. 

Neuronal damage in the amygdaloid complex has been de- 
scribed both in human epileptic patients and in experimental 
animal models of temporal lobe epilepsy (Margerison and Cor- 
sellis, 1966; Schwab et al., 1980; Callahan et al., 1991). It is 
often thought that cell loss in the hippocampal formation is 
more closely related to temporal lobe epilepsy, but recently 
Hudson et al. (199 1) and Hudson (1993) described cell loss and 
gliosis in the amygdala, without hippocampal damage, in a group 
of epileptic patients who underwent surgery because of the drug- 
refractory nature of their temporal lobe seizures. A recent mag- 
netic resonance imaging study also detected shrinkage of the 
amygdala on the side of the primary epileptic focus in patients 
with temporal lobe epilepsy (Watson et al., 199 1). Electrophys- 
iological recordings of the epileptic human amygdala indicate 
that it is one of the primary brain regions in which epileptic 
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seizures and seizure-related behavioral manifestations such as 
fear originate (Gloor, 1992). 

Kindling of the rat amygdala has provided one of the most 
productive animal models of temporal lobe epilepsy (Goddard 
et al., 1969). Recently, Callahan et al. (1991) observed 4%62% 
decrease in the number of GABA-ir neurons in the contralateral 
lateral and basal nuclei of amygdala-kindled rats. Moreover, the 
density of GABA-ir terminals that surrounded unlabeled py- 
ramidal cells in the lateral and basal nuclei was diminished in 
the contralateral kindled amygdala. Loscher and Schwark (1987) 
also found decreased synthesis of GABA in the ipsilateral kin- 
dled amygdala. If  there were a decrease in the number of GA- 
BAergic cells or GABA synthesis following amygdala kindling, 
one might expect reduced stimulus induced inhibition. Inter- 
estingly, Rainnie et al. (199 1) have demonstrated a kindling- 
induced reduction in feedforward GABAergic inhibition in the 
lateral nucleus of the rat following stimulation of the stria ter- 
minalis or direct stimulation of the lateral nucleus. Although 
there is currently little data indicating that the inhibitory cir- 
cuitry of the human amygdala is disrupted in temporal lobe 
epilepsy, data originating from these and other animal studies 
indicate that this might be a profitable area of future analysis. 
The neuroanatomical descriptions in this article of the distri- 
bution of GABAergic cells in the monkey amygdaloid complex 
provide a useful starting point-for similar analyses in the normal 
and pathological human brain. 

As noted above, the GABAergic system of the amygdala and 
its relationship to the GABA,/benzodiazepine receptor complex 
may play a pivotal role in several forms of affective disorder. 
Recently, Drevets et al. (1992), using positron emission to- 
mography, reported increased cerebral blood flow in the left 
amygdala in depressive patients. It has been known for 30 years 
that the benzodiazepines are therapeutically effective in certain 
forms of anxiety (see Green, 199 1). The clinical symptomatol- 
ogy of the major categories of anxiety disorder, such as panic 
attack, phobias, obsessive+ompulsive syndromes, and gener- 
alized anxiety, include heightened levels of autonomic arousal 
and subjective feeling of fear (Green, 199 1). Interestingly, the 
amygdaloid complex has one of the highest brain concentrations 
of benzodiazepine receptors. It would be of interest to deter- 
mine, therefore, whether alterations of GABAergic function at 
the GABA,/benzodiazepine receptor in the amygdala might be 
responsible, in part, for the emergence of anxiety disorders. In 
animals, the amygdaloid complex has clearly been shown to be 
a critical link in emotional behavior such as in the development 
of classical fear conditioning (Le Doux, 1992) and fear-poten- 
tiated startle reaction (Davis, 1992). 

In addition to the cognitive consequences of affective disor- 
ders, alterations in a variety of bodily functions are also asso- 
ciated with emotional states. Given the role of the amygdala in 
mediating various species-specific behaviors, it is not surprising 
that blocking GABAergic function by intra-amygdaloid infusion 
of GABA antagonists results in profound alterations in heart 
rate and blood pressure control (Sanders and Sekhar, 1991), 
feeding behavior (Minano et al., 1992), and reproductive func- 
tions (Wong and Moss, 1992). One theoretical implication of 
the heterogeneity of GABA systems in the amygdaloid complex 
is that there are different functional subdivisions of the inhib- 
itory network. This raises the prospect that selective enhance- 
ment of the GABA,/benzodiazepine receptor, for example, might 
lead to reduction of anxiety without concomitant alterations in 
autonomic or regulatory behaviors. The feasibility of this ap- 

preach awaits further analyses of the regional and subcellular 
distribution of GABA-associated receptors. 
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