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Summary. The areal and laminar distribution of GABA n 
receptor immunoreactivity was examined in fetal, early 
postnatal and adult monkey sensory-motor cortex by 
using a monoclonal antibody to the purified GABAA 
receptor complex (Vitorica et al. 1988). GABAA receptor 
immunoreactivity was distributed throughout the neu- 
ropil, often outlining the unstained somata of pyramidal 
and non-pyramidal cells. In all areas of the adult sensory- 
motor cortex, layers I IIIA exhibited the most intense 
immunostaining. In deeper layers of the four cytoarch- 
itectonic fields of the first somatic sensory area (SI), 
layers IIIB and V were lightly stained and alternated with 
somewhat more intensely stained layers IV and VI. In 
deeper layers of area 4, the deeper half of layer IIIA 
through layer VA was lightly immunostained, but layers 
VB and VI were slightly more intensely immunoreactive. 
A variable number of nonpyramidal cell somata in the 
cortex and underlying white matter showed immunoreac- 
rive staining. GABAA receptor immunoreactivity was 
present throughout the sensory-motor cortex from the 
youngest fetal age examined (El21), but the pattern of 
immunostaining differed from that in the adult. In all 
areas, the densest immunoreactivity was found in a dif- 
fuse band in layers III and IV and in the subplate zone. 
Within the subplate zone, the presence of receptor im- 
munoreactivity and some intensely stained neuronal so- 
mata at all fetal ages suggests the presence of a synaptic 
neuropil. With increasing age, gradual changes in the 
distribution of receptor immunoreactivity occurred, re- 
sulting in an adult-like pattern of immunostaining by 
postnatal day 1.5. These results show that the laminar 
pattern of GABAA receptor distribution closely follows 
the major concentrations of GABA immunoreactive 
neurons in adults and it is suggested that laminar changes 
seen in development are associated with the establish- 
ment of afferent connections and inhibitory circuits in the 
sensory-motor cortex. 
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Introduction 

The functional properties of many neocortical neurons 
are determined to a large extent by inhibitory mechan- 
isms (Creutzfeld and Ito 1968; Tsumoto et al. 1979; 
Hicks and Dykes 1983; Dykes et al. 1984; Sillito 1984; 
Alloway and Burton 1986; Ramoa et al. 1988; Juliano 
et al. 1989), which in turn are thought to derive from a 
specific subset of cortical interneurons that release the 
neurotransmitter gamma aminobutyric acid (GABA) 
(Houser et al. 1984). The importance of GABA-mediated 
inhibition in cortical function has generated considerable 
interest in the synaptic organization of GABAergic cells 
and the distribution of the receptors thought to mediate 
GABAergic inhibitory activity. 

Two GABA receptor subtypes, GABAA and 
GABAB, have been identified (Bowery et al. 1984; Enna 
1988). The GABAA receptor is a complex thought re- 
sponsible for the major form of neocortical inhibitory 
postsynaptic potential: that which arises from an in- 
crease in chloride conductance (Kelly et al. 1969; Con- 
nors et al. 1988). In addition to being coupled to a 
chloride channel, the GABAA receptor includes at least 
five binding sites, among which are those for ben- 
zodiazepines and barbiturates (Barnard et al. 1987). 

In the somatic sensory cortex, the functional role of 
GABAA receptor-mediated inhibition has been studied 
with bicuculline methiodide (BIC), a competitive 
GABAA receptor antagonist. Iontophoretic application 
of BIC to the somatic sensory cortex of cats causes an 
increase in the response magnitude to a given stimulus 
and an expansion of the receptive field size for certain 
classes of neurons (Hicks and Dykes 1983; Dykes et al. 
1984; Alloway and Burton 1986). Additionally, certain 
cells which previously could not be driven by somatic 
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stimulation, exhibit cutaneous receptive fields following 
BIC application (Dykes et al. 1984). 

In adult monkey  sensory-motor  cortex, the distribu- 
tion and synaptic organization of  GABAergic cells and 
terminals have been studied autoradiographically follow- 
ing the uptake of  3 H - G A B A  (Hendry and Jones 1981 ; 
DeFelipe and Jones 1985) and by G A B A  or glutamic 
acid decarboxylase (GAD)  immunocytochemistry  (Hen- 
dry et al. 1983, 1987b, Houser  et al. 1983; DeFelipe et 
al. 1986; Chudler et al. 1988). Studies of the developing mon- 
key sensory-motor cortex indicate that many GABA- 
immunoreact ive cells and processes are present f rom 
very early stages (Huntley et al. 1987; Huntley and Jones 
1990), but the development of  the GABAA receptor has 
not been examined. In adult monkey  sensory-motor  cor- 
tex, quantitative receptor autoradiography has been util- 
ized to describe the areal and laminar distribution of  
GABAA and benzodiazepine receptors (Lidow et al. 
1990). In the present study of  the developing and adult 
sensory-motor  areas, advantage has been taken of  the 
greater resolution afforded by immunocytochemical  
techniques to provide a more detailed analysis of  the 
laminar and cellular distribution of  GABAA receptors in 
the sensory-motor  areas than that  available f rom recep- 
tor autoradiography,  and to document  the changes oc- 
curring in the course of  late fetal and early postnatal  
development and leading up to the adult pattern. 

Material and methods 

Tissue preparation 

This study was carried out on the sensory-motor areas from four 
normal adult macaque monkeys (two Maeaea fascieularis, one 
Maeaca nemestrina and one Macaca mulatta), six fetal monkeys (one 
Maeaea nemestrina, aged 125 days post-conception, (E125) and five 
Maeaca mulatta aged El21, El31, E135, El50 and E155), and six 
early postnatal monkeys (five Macaca nemestrina, aged 1.5, 21, 60, 
120 and 125 postnatal days (PND), and one Macaea mulatta, aged 
77PND). The adult monkeys, some of which had been used in other 
studies (Hendry et al. 1990), were given an overdose of Nembutal 
and perfused through the heart with 4% paraformaldehyde and 
0.02-0.05% glutaraldehyde in 0.1 M phosphate buffer. The fetal 
rhesus monkeys, all of which had also been used in other studies 
(Chalupa and Killackey 1987; Hendry et al. 1987a; Huntley et al. 
1987, 1988; Huntley and Jones 1990), were deeply anesthetized and 
perfused transcardially with normal saline followed by 2% para- 
formaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer. 
The fetal and infant pig-tailed monkeys were deeply anesthetized 
and perfused transcardially first with 5 % dextrose in Ringer's solu- 
tion which contained 2% heparin, followed by 4% paraformalde- 
hyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer. This was 
followed by 5% dextrose-Ringer's solution and then by 20% su- 
crose. The infant rhesus monkey was deeply anesthetized and per- 
fused first with cold 1% paraformaldehyde followed by cold 4% 
paraformaldehyde in 0.1 M PO 4 buffer. All brains, after removal, 
were subsequently removed, blocked, infiltrated with 30% sucrose 
and frozen on dry ice. 

Immunocytochemistry and hbtochembtry 

Frozen sections were cut at 20 ~tm on a freezing microtome in either 
the frontal or sagittal plane, or, from blocks flattened prior to 

freezing, in a plane parallel to the pial surface. One series of sections 
from each block was preincubated in a solution containing 5% 
normal horse serum and 0.25% Triton X-100 in 0.1 M phosphate 
buffer for five h at 4 ~ C, then transferred to an identical solution 
which contained in addition a monoclonal antibody to the GABA A 
receptor (62-3G1, diluted 1:250; de Blas et al. 1988; Vitorica et al. 
1988). Following incubation for 48 h at 4 ~ C, the sections were 
processed by the avidin-biotin-peroxidase method using Vectastain 
Kits (Vector Labs), and reacted with 3,3' diaminobenzidine tetrahy- 
droehloride (20 mg/100 ml 0.1 M phosphate buffer). The sections 
were mounted on gelatin-coated slides, dehydrated and cover- 
slipped. 

Areal and laminar boundaries were determined from separate 
series of sections either stained with thionin or processed histochem- 
ically for cytochrome oxidase activity (Wong-Riley 1979) or acetyl- 
cholinesterase activity (Woolf and Butcher 1981). 

No specific staining occurred in control sections in which the 
primary antibody was replaced by normal mouse serum or super- 
natant from a non-secreting cell line, each at approximately twice 
the concentration of the primary antibody solution. 

Densitometry 

The laminar intensity of receptor immunostaining was assessed 
using an MCID image analysis system. Relative optical density 
measurements from a series often separate samples were taken from 
each layer of cortex, and statistically significant differences in inten- 
sity across layers from single sections were determined using a 
two-tailed t-test. 

Results 

GABA A receptor immunoreactivity 
in the adult sensory-motor cortex 

Immunoreact ivi ty  for the GABAA receptor was present 
in all layers of  the first somatic sensory cortex (SI; areas 
3a, 3b, 1 and 2) and of  the pr imary moto r  cortex (area 
4) (Figs. 1, 2, 5). There were no qualitative differences in 
laminar distribution or relative intensity of  immuno-  
staining between the three species of  macaques exam- 
ined. In each of the areas examined, immunoreactivi ty 
was distributed throughout  the neuropil;  the reaction 
product  appeared finely granular with interspersed large, 
dark punctate profiles (Fig. 2). Concentrat ions of  homo-  
geneous staining or puncta  often outlined the somata  of  
unstained pyramidal  and non-pyramidal  neurons 
(Fig. 2). In addition to neuropil immunostaining, each of 
the areas examined possessed variable numbers of  cells 
whose somata  and proximal  processes were immunoreac-  
tive (see below). 

Area 4 

The density of  GABAA receptor immunostaining varied 
across laminae in the moto r  cortex (Fig. 1 C). Neuropil  
staining was distributed fairly evenly within a lamina, 
and often outlined the unstained somata  of  pyramidal  
and round or ovoid non-pyramidal  cells. 

Dense neuropil staining was present in layers I, II  and 
the upper half  of  layer I I IA  (Fig. 1C). The deeper part  
of  layer I I IA  through layer VA was lightly stained rela- 



Fig. 1A-D. Photomicrographs of sagittal sections through the 
sensory-motor cortex of  an adult monkey stained immunocyto- 
chemically for GABA A receptors (A, C, D) or stained with thionin 
(B). The pattern of immunostaining is similar throughout areas 3a 
and 3b, but changes at the area 3a/4 border (arrows in A, B). The 
asterisk in A, B denotes the same blood vessel. C Area 4. The 

greatest intensity of immunostaining occurs in layers I-IIIA,  with 
a less intense band in layers VB-VIA. D Area 4. Numerous stained 
non-pyramidal somata (arrows), and long, parallel streaks of recep- 
tor immunoreactivity are present. Numbers in this and subsequent 
figures refer to cytoarchitectonic areas. Roman numerals refer to 
layers of the cortex. Bar: 300 gm (A, B), 400 gm (C) or 200 gm (C) 
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Fig. 2A-D. Photomicrographs of GABA A receptor immunoreactive 
sections through area 4 (A) and area 1 (B-D). Parallel chains of 
densely-stained puncta are present in superficial layers (shown at 
higher power by open arrows in C). In middle and deep layers, long 

streaks of staining resembling radial fasciculi are evident (shown at 
higher power in D). Solid arrows in C show an unstained neuron 
outlined by immunoreactivity. Bar in B, 50 gm (A) or 40 gm (B); 
bar in D, 6 gm (C, D) 
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Fig. 3A-C. GABA A receptor immunoreactive cells in area 4 of an 
adult monkey. A Stained proximal processes (arrows) of small 
immunoreactive somata reveal multipolar, non-pyramidal mor- 
phology. B Higher-power photomicrograph showing cellular distri- 
bution of reaction product around cell membrane (small arrows) 

and concentrated in puncta or patches on or within the cell (large 
arrow). C Giant pyramidal cell of layer V. The cell mem- 
brane appears lightly immunoreactive. Bar: 30 lain (A), 12 gm (B), 
20 ~tm (C) 

tive to superficial layers (p < 0.0005). Layer VB through 
the upper half  of layer VI was more intensely stained 
than layer I I IB-VA (p<0.005),  but was less densely 
stained than layers I - I I IA (p<0.0005) (Fig. 1C). Com- 
monly, parallel chains of densely stained puncta re- 
sembling small fasciculi descended vertically through 
layer IIIA before becoming lost in layer IIIB (Figs. 1 D, 
2A). The receptor immunoreactivity throughout  layers 
III-VI also showed evidence of  long streaks of  staining, 
less punctate than the chains in layer IIIB, and alternat- 
ing with clear spaces, or spaces with only very light im- 
munostaining (Figs. 1D, 2A). These streaks of  staining 
descended into the white matter  and had a periodicity 
resembling that of  the radial fasciculi of  the cortex. 

Layers I I IA-V possessed a moderate number of  cell 
somata and their proximal processes that were im- 

munoreactive (Figs. 1D, 3). The majority of  such cells 
were small, although occasional larger somata were also 
stained. When processes were stained, the cells appeared 
as multipolar non-pyramidal neurons (Fig. 3A). The 
processes could not  be followed for more than a few tens 
of  microns from their somata of  origin. In general, the 
immunoreactivity was strongest along the cell mem- 
brane, but was also concentrated in the perinuclear cyto- 
plasm and occasionally small patches of staining were 
present in other parts of  the cytoplasm (Fig. 3B). The cell 
membranes of  the giant pyramids of  layer V were very 
lightly and evenly stained (Fig. 3C). Very occasional 
immunoreactive cell somata were present in layers II and 
VI, but none were present in layer I. The density of  the 
immunoreactivity in these layers obscured any selective 
staining of  cell membranes. 
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Fig. 4. A Immunostained cell in white matter (WM) beneath layer VI in area 4 of an adult animal. B Subplate immunoreactive cells (arrows) 
from a fetal monkey (E135). Dotted line represents the separation between layer VI (above line) and the subplate (SP). Bar: 35 gm (A), 
45 gm (B) 

In the underlying white matter there were sparsely 
distributed, immunostained ovoid somata, many of 
which sent long, thin processes into the overlying cortex 
(Fig. 4A). The immunoreactivity was strongest around 
the edges of such cells, suggesting localization to the cell 
membrane, but light, diffuse immunoreactivity was also 
present intracellularly. 

Area 3 

In areas 3a and 3b, moderate neuropil staining was 
present in layer I, but layer II and the upper half of layer 
III were intensely stained (Figs. 1A, 5). The deeper half 
of  layer III (IIIB) and layer V were similar to each other 
in intensity of  staining, and were more lightly immunore- 
active (2 < 0.0005). Layers IV and VI showed enhanced 
immunoreactive staining relative to layers IIIB and V 
(p < 0.05), but the density did not approach that of layers 
II and Il iA. There were no differences in the pattern of 
GABAA receptor immunostaining between areas 3a and 
3b (Fig. 1A). The staining of  layer IV formed a con- 
tinuous stratum through both areas. 

In the deeper half of layer III, short, radially-oriented 

segments of clustered immunoreactivity similar to those 
in area 4 were present (Fig. 5A). However, in contrast to 
area 4, receptor immunoreactivity in the deeper layers 
was less distinctly clustered into long, radially-oriented 
streaks (Figs. 1A, 5A). Instead, the receptor immunore- 
activity appeared more evenly distributed throughout the 
neuropil. 

There were fewer immunoreactive somata in areas 3a 
and 3b than in area 4, both within the cortex and in the 
underlying white matter. Stained cells present in the 
cortex were small, non-pyramidal cells distributed in the 
middle layers. The white matter cells were similar to 
those beneath area 4. 

The anterior border of area 3a was not particularly 
sharp, but could be detected by the disappearance of the 
immunoreactive band corresponding to layer IV of area 
3a on passing into area 4 (Fig. 1A, B). 

Areas 1 and 2 

There were no overt changes in the laminar distribution 
or intensity of receptor immunostaining in passing from 
area 3b caudally into area 1, or between areas 1 and 2 
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Fig. 5A, B. Photomicrographs of sagittal sections through the postcentral gyrus of an adult monkey and stained immunocytochemically for 
GABA A receptors (A) or with tbionin (B). Each of the areas of SI shows a similar pattern of immunostaining, with no differences in intensity 
or distribution apparent at the border between areas 3b and 1 (arrow in B). Bar: 670 gm (A), 570 gm (B) 

(Fig. 5). The layer IV stratum, for example, passed con- 
tinuously from area 3 into area 1 and the dense staining 
in layers II and III showed no change in intensity or 
superficial to deep extent at the border (Fig. 5). In con- 
trast to areas 3a and 3b, however, receptor immunoreac- 
tivity, particularly in area 1, was strongly organized into 
long, vertically-oriented chains spanning upper layer III 
and with strong radial streaks extending from layer III 
into the white matter  (Figs. 2B, C, D;  5). 

In both areas, immunoreactive somata similar to 
those already described were present, their density re- 
sembling that seen in and beneath areas 3a and 3b. 

GABA a receptor immunoreactivity 
in the developing sensory-motor cortex 

Immunoreactivity for the GABAA receptor was present 
throughout  the pre- and postcentral gyri at each of  the 
fetal and early postnatal ages examined, but  exhibited 

changes in laminar distribution and intensity over time 
(Fig. 6). 

At the youngest fetal ages examined (El21 and 
E125), in Nissl stained sections both the presumptive 
motor  and first somatic sensory areas are composed of  
six, clearly delineated cellular layers. Only the border 
between areas 3a and 4 can be detected at this age 
(Fig. 7); the characteristic cytoarchitectonic borders in 
the postcentral gyrus resolve themselves between El21 
and E135 (unpublished observations). 

The patterns of  GABAA receptor immunostaining at 
El21 and E125 were similar, and are described together. 
Overall, receptor immunoreactivity throughout  the sen- 
sory-motor areas showed a continuous and mostly sim- 
ilar pattern of  distribution. In all areas, layers I and II 
were lightly immunostained (Fig. 7A, C). A more intense, 
though diffuse band of  immunoreactivity was present 
throughout  the neuropil of  layers III and IV (p < 0.0005) 
(Figs. 7A, C) The staining intensity of  the band corres- 
ponding to layers III and IV of  the postcentral gyrus 
decreased somewhat at the area 3a/4 border  (Fig. 7B). 
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Fig. 6. Schematic diagram illustrating the major changes in laminar distribution and staining intensity of receptor lmmunoreactivity in areas 
4, 3a, 3b, 1 and 2 from E125 to adulthood. Increasing density of stippling represents increasing intensity of the immunostaining. Note that 
the laminar boundaries depicted are schematic, and are not meant to reflect accurately changes in laminar thickness with increasing age 

Layer V was more lightly stained than layer IV through- 
out all areas (p < 0.005), and was similar in intensity to 
that of  layer VI in areas 4, 3a and 3b (Figs. 6, 7A). 
However, on passing caudally there appeared on the 
crown of the postcentral gyrus a more intensely stained 
band corresponding to layer VI which remained through- 
out areas 1 and 2 (Fig. 7A, C). Underlying layer VI of  
all regions was a diffuse band of  punctate immunoreac- 
tivity which likely corresponds to the subplate region 
(Fig. 7A, C). The thickness of  the subplate staining was 
at El21 and E125 greater on the convexity of the pre- and 
postcentral gyri, and became gradually thinner along 
both banks and in the fundus of  the central sulcus be- 
neath area 3a. Deep to the band of  subplate staining, the 
white matter became free of  immunostaining (p < 0.0005) 
(Fig. 7A). 

In contrast to the adult pattern, the cortical immuno- 
reactivity in any area examined lacked overt vertical 
clustering or streaking, but appeared more fenestrated on 
account of  the closely spaced holes corresponding to the 

somata of  neurons (Fig. 7C). There were no immunore- 
active somata present within the cortex, although immu- 
noreactivity outlined the somata of  many, otherwise un- 
stained cells. There were small numbers of  immuno- 
stained somata present in the subplate. These were 
characterized by ovoid somata commonly aligned paral- 
lel to the overlying cortex or fiber fasciculi of the white 
matter, and they commonly had long slender processes 
emerging from each pole (Fig. 4B). 

The adult laminar pattern of  GABAA receptor immu- 
noreactivity was gradually acquired in the course of  late 
fetal and early postnatal development (Fig. 6). At El31 
and E135, the overall laminar distribution of  immunore- 
activity was similar to that at the earlier ages examined 
in each area (Fig. 6). However, layer VI in areas 3a and 
3b was more intensely stained than at the younger ages 
examined, and appeared as a homogeneous band 
throughout the postcentral gyrus (Fig. 6). The diffuse 
receptor immunoreactivity in the subplate described at 
younger ages had mostly disappeared by E135, although 
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Fig. 7A-D. Photomicrographs of sections taken from an E125 fetal 
monkey. A Distribution of GABA A receptor immunoreactivity 
across areas of  the postcentral gyrus and in the subplate zone (SP). 
Arrow indicates position at which the intensity of  immunostaining 
in layer VI increases on crown of postcentral gyrus and remains 
throughout the exposed part of the gyrus; a higher power photo- 

micrograph of this is shown through area 2 in C. B Differences 
in intensity of immunostaining demarcates the border between 
areas 3a and 4 (arrow); the cytoarchitectonic border is shown in 
thionin stained section D. Bar: 500 gm (A), 300 gm (B), 235 lam 
(C), 285 gm (D) 
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Fig. 8A-C. Photomicrographs of  sections through the sensory-motor cortex of  an E155 fetal monkey stained for GABA~ receptor 
immunoreactivity (A) or with thionin (B, C). Immunoreactivity at this stage demarcates the area 3a/4 border ( lef t  arrow in A), shown at 
higher power in B, and the area 3b/1 border (r ight  arrow in A), shown at higher power in C. Bar: 1 mm (A); 200 lain (B) or 150 pm (C) 
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Fig. 9A-C. Pairs of photomicrographs from adjacent sections stained with thionin or for GABA A receptor immunoreactivity through area 
3a (A), area 3b (B) or area 1 (C) from an E155 fetal monkey, demonstrating laminar distribution and intensity of immunostaining at this 
stage. SP = subplate. Bar: 150 gm 

a few bipolar and tripolar stained cells were still present. 
The staining intensity, overall, at E150 and 155 was 

greater than at previous ages, but staining was greatest 
in layer IV throughout areas 3a and 3b (Figs. 6, 8, 9). The 
anterior border of  area 3a was clearly demarcated by the 
greater intensity of layer IV immunostaining which de- 
creased in intensity and continued as a thin, less intensely 
stained band through the transient layer IV still present 
in the motor cortex at this stage (Fig. 8A, B). Posteriorly, 
the area 3b/1 border was identified by the greater inten- 
sity of immunostaining in layer IV of  area 3b relative to 
that in area 1 (Fig. 8A, C). Immunoreactivity in the 
deeper layers of areas 4 and 1 began to appear clustered 
into vertically-oriented chains of  puncta and radial 
streaks (Fig. 9C). 

Between E155 and PND1.5, major changes in the 
distribution of immunostaining occurred which resulted 
in a pattern more closely resembling an adult-like one in 
all areas (Figs. 6, 10). The intensity of immunostaining, 
however, especially in superficial layers, was still less than 
in the adult (Figs. 6, 10). The principal changes from the 

pattern at E 155 were a dramatic decrease in the intensity 
ofimmunostaining in layers IIIB and IV of areas 3, 1 and 
2; the disappearance of the layer IV band in area 4, and 
an increase in the intensity of staining in layers I - I I IA of 
areas 4, 1 and 2 (Figs. 6, 10). In area 3, the staining 
intensity of layers I - I I IA was similar to that at E 155. The 
staining intensity of layer IV in area 3 and of  layers I and 
II in all areas was still less than in the adult, however 
(Figs. 6, 10B). In all areas, parallel chains of densely 
stained puncta were present in layer III, similar to those 
described in the adult (Fig. 10A, C). In areas 4, 1 and 2, 
long streaks of staining occurred in the middle layers and 
descended into the white matter in parallel with the radial 
fasciculi (Fig. 10A, C). Small numbers of immunoreac- 
tive, ovoid or round somata were present in all areas, 
although their numbers were greatest in area 4. 

By PND 21, the intensity of immunostaining in layers 
I - I I IA of  all areas had increased and was similar to that 
seen in the adult. In area 3, layers IV and VI also showed 
enhanced staining in comparison to younger ages, and 
appeared adult-like. 
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Fig. 10A-C. Pairs of photomicrographs from adjacent sections stained with thionin or for GABA A receptor immunoreactivity through area 
4 (A), area 3b (B) or area 2 (C) from a PND 1.5 monkey. The distribution of immunostaining in all areas of the sensory-motor cortex changes 
between E155 and PND 1.5, and at PND 1.5 comes largely to resemble that of the adult. Bar: 500 gm (A) or 265 gm (B, C) 

Discussion 

In the present study, light microscopic, immunocyto- 
chemical techniques were used to examine the areal and 
laminar distribution of  immunoreactive GABAA recep- 
tors in the adult monkey sensory-motor cortex, and to 
chart the developmental sequence by which such patterns 
of immunostaining in the adult become established 
during late fetal and early postnatal maturat ion of thc 
sensory-motor cortex. The interpretation of  these data 
depends critically on the reliability of the monoclonal  
antibody used to recognize the GABAA receptors. 

Specificity of the monoclonal antibody 
and comparison with receptor autoradioyraphy 

The mouse monoclonal  antibody used in this study has 
been previously characterized (Vitorica et al. 1988) and 
been shown in immunoblots to recognize selectively 
the 57000 Mr peptide subunit of  the GABA A recep- 

tor/benzodiazepine receptor/C1- channel complex. A 
synthesis of  data from several studies has suggested that 
this subunit contains the binding site for the GABA 
agonist 3H-muscimol (Casalotti et al. 1986; Deng et al. 
1986; Sieghart et al. 1987; Vitorica et al. 1988). The 
benzodiazepine binding site has been localized to a dif- 
ferent peptide subunit than the one which binds 3H- 
muscimol (Enna 1988). Immunocytochemical localiza- 
tion of  GABAA receptors in various regions of  rat brain 
by means of  the same monoclonal antibody (de Blas et 
al. 1988) and in the monkey visual and motor  cortex 
(Hendry et al. 1990; present results), is largely in accord 
with that revealed by binding of 3H-muscimol and 3H- 
flunitrazepam (rat: Palacios et al. 1981; Penney et al. 
1981 ; Richards and M6hler 1984; McCabe and Wamsley 
1986; monkey: Shaw and Cynader 1986; Rakic et al. 
1988; Lidow et al. 1990). These data suggest that the 
epitope recognized by monoclonal  antibody 62-3G1 is 
related selectively to the GABAA receptor component  of  
the receptor complex (de Blas et al. 1988). 

In the monkey somatic sensory cortex, the laminar 
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distribution of immunostained GABAA receptors match- 
es more closely the laminar distribution of ben- 
zodiazepine receptors localized autoradiographically by 
3H-flunitrazepam binding than it does the distribution of 
receptor sites as identified by 3H-muscimol binding (Li- 
dow et al. 1990). It has been previously argued (de Blas 
et al. 1988) that the epitope recognized by the mono- 
clonal antibody 62-3G1 is common to both the high- 
affinity and low-affinity forms of the GABAA receptor. 
The high-affinity receptor is thought to be functionally 
uncoupled to the benzodiazepine binding site and can be 
labeled with 3H-muscimol (Palacios et al. 1981), while 
the low-affinity form is thought to be functionally cou- 
pled to the benzodiazepine site and can be labeled with 
3H-flunitrazepam (Tallman et al. 1978). Immunopre- 
cipitation studies suggest, however, that both of the high- 
and low-affinity GABAA binding sites are physically cou- 
pled to the benzodiazepine binding site (H/iring et al. 
1985; Vitorica et al. 1988). Because the laminar distribu- 
tion of GABAA receptor immunoreactivity follows more 
closely 3H-flunitrazepam binding, it is likely to reflect the 
distribution of the low-affinity form of the GABAA re- 
ceptor. It is the low-affinity form of the receptor which 
is thought to mediate physiological responses to GABA 
(Olsen et al. 1984). 

In the present study, as in that on the monkey visual 
cortex (Hendry et al. 1990), immunoreactive staining 
outlined the surfaces of neuronal somata and often ap- 
peared in the neuropil in patterns such as linear streaks 
and chains of puncta, suggestive of outlined dendrites or 
chains of terminal boutons on which the receptors are 
probably being localized. In the case of the intracellular 
immunostaining observed in the present study, it is un- 
likely that the epitopic sites stained represent functional 
receptors. A previous immunocytochemical study of 
GABAA receptor distribution in the cerebellum (utilizing 
a different monoclonal antibody to the GABAA receptor 
than the one used here) also revealed an intracellular 
accumulation of reaction product in some cells, and 
electron microscopic examination localized the immuno- 
reactivity to the membranes of the endoplasmic reti- 
culum and Golgi apparatus (Somogyi et al. 1989). The 
presence of such intracellularly located epitopic regions 
may be indicative of various stages of synthesis and 
assembly of the receptors (Sweetnam and Tallman 1986; 
Kuriyami and Taguchi 1987). It is clear, however, that 
not all cell types which are thought to possess GABAA 
receptors exhibit the intracellularly distributed reaction 
product. For example, the somata of pyramidal cells in 
the human hippocampal formation (Houser et al. 1988) 
and in the monkey cerebral cortex (Hcndry et al. 1990; 
present study) are not immunoreactive, which may be 
indicative of differences in the accessibility of the antibo- 
dies or in the rate of turnover of receptors between 
different cell classes. 

GABA~media ted  transmission 
in the sensory-motor  cor tex  

In adult monkey somatic sensory cortex, there is no clear 
correlation between layers with a high density of receptor 

staining and those with a high density of GABA cells. 
GABA-immunoreactive cells and GAD-immunoreactive 
puncta (presumptive terminals) are concentrated in lay- 
ers which receive the major terminations of thalamocor- 
tical axons (Hendry and Jones 1981 ; Houser et al. 1983; 
Hendry et al. 1987b). These layers correspond to layers 
IIIB and IV of areas 3a and 3b and to layer III of areas 
1 and 2 (Jones 1975b; Jones and Burton 1976). Although 
layer IV throughout all areas of SI shows enhanced 
receptor staining, the staining is considerably less than 
that of layers I-IIIA and, in layer IIIB, receptor staining 
is weak. In SI, there is a clear difference in comparison 
with the visual cortex in which studies of GABAA recep- 
tor distribution by immunocytochemistry (Hendry et al. 
1990) and autoradiography (Rakic et al. 1988; Shaw and 
Cynader 1986) show a good correlation between layers 
with a high density of receptor staining or binding and 
those with a high density of GABA terminals (Fitzpat- 
rick et al. 1987) and the presence of thalamocortical axon 
terminals. Despite the lack of a clear correlation between 
GABAA receptor density and layers of thalamocortical 
terminations, in SI, GABA cell density tends to be high- 
est in the thalamocortical recipient layers, so GABAA 
receptor mcdiated inhibition may still be influential at the 
early stages of somatic sensory information processing, 
as in the visual cortex (Sillito 1984; Ferster 1986, 1987, 
1988). 

In the motor cortex, GABAergic cells and puncta are 
densest in layers I IIIA (Hendry and Jones 1981 ; Houser 
ct al. 1983; Hendry et al. 1987b). Although there is a 
good correlation between the density of GABAA receptor 
staining and GABA cell distribution, there is no obvious 
correlation between these and the distribution of 
thalamocortical axon terminals. Thalamocortical axons 
terminate mainly in the deeper half of layer III (Jones 
1975a; Jones and Burton 1976) in which receptor immu- 
noreactivity is weak. The seemingly sparse distribution 
of GABAergic cells and GABA A receptors in the deeper 
half of layer III, which receives the main terminations of 
thalamocortical axons in motor cortex, in comparison to 
somatic sensory or visual cortex, may simply reflect dif- 
ferences between koniocortical and agranular areas in 
the degree to which some thalamorecipient cell types are 
compacted into a recognizable layer. It is thought that 
the agranular nature of motor cortex represents the dis- 
persion of cell types which in the fetal cortex form a 
compacted layer IV (Ramdn y Cajal 1900; Marin-Padilla 
1970; unpublished observations). This is paralleled by 
the appearance of a transient zone of GABA A receptor 
staining in association with the transient layer IV of area 4. 

In layers V and VI of the motor cortex, the intensity 
of QABA A receptor immunoreactivity is quantitatively 
greater than that in the middle layers, suggesting a 
greater concentration of receptors in these layers. This 
observation differs from that obtained in quantitative 
radioligand binding studies (Lidow et al. 1990), which 
reveal a rather uniform distribution of both 3H-musci- 
mol and 3H-flunitrazepam binding sites across layers 
IIIB-VI. This discrepancy most likely reflects the lower 
resolution inherent in autoradiographic methods com- 
pared with immunocytochemical methods. A similar 
conclusion was reached in a study of monkey visual 
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cortex in which GABAA receptor immunoreactivity re- 
vealed a greater degree of sub-laminar organization 
(Hendry et al. 1990) than could be revealed by GABAA 
or benzodiazepine receptor autoradiography (Rakic et 
al. 1988; Hendry et al. 1990). Although the density of 
GABAergic cells is much lower in deeper layers than in 
superficial ones (Hendry et al. 1987b), studies utilizing 
the uptake of aH-GABA and those utilizing GABA and 
calcium-binding protein immunocytochemistry have 
shown that GABAergic cells of superficial layers provide 
a major input to deeper layers (Somogyi et al. 1981; 
DeFelipe et al. 1985, 1989; Hendry et al. 1989). It is 
possible that the increased GABAA receptor staining in 
deeper layers correlates with the terminals of such projec- 
tions. The streaklike pattern and fasciculation of recep- 
tor immunostaining in several of the areas may reflect the 
bundles characteristic of the axons of these cells (De- 
Felipe et al. 1989; Hendry et al. 1989). 

Layers II-IIIA show the densest GABAA receptor 
immunoreactivity in all areas of the sensory-motor cor- 
tex. These layers furnish and receive the major cor- 
ticocortical connections (Jones and Wise 1977; Jones et 
al. 1978; Jones 1986), and it has been shown that such 
projections terminate as multiple foci, forming a strip- 
like configuration (Jones et al. 1975, 1978; Goldman and 
Nauta 1977). These anatomical data may represent the 
underlying basis for the intermittent, patch-like distribu- 
tion of 14 [C]-2-D-deoxyglucose (2-DG) labeling lbllowing 
repeated somatic stimulation of a restricted part of the 
periphery (Durham and Woolsey 1985; Juliano et al. 
1981; Hand 1982; Juliano and Whitsel 1985; Juliano et 
al. 1989). Juliano et al. (1989) have shown that the 
characteristic 2-DG patches observed following cuta- 
neous stimulation are dramatically altered if bicuculline 
methiodide, a competitive GABAA receptor antagonist, 
is applied topically to the somatic sensory cortex prior to 
2-DG administration. Such patches tend to widen and 
fuse, and become especially prominent in the supragra- 
nular layers (Juliano et al. 1989). The high intensity of 
receptor immunostaining in the supragranular layers 
suggests high numbers of receptors in these layers, which 
may therefore underlie the particular sensitivity of supra- 
granular neurons to BIC, and may suggest a critical role 
of GABAA receptor mediated inhibition in the preserva- 
tion of the topography and/or functional properties es- 
tablished by such corticocortical projections (Juliano et 
al. 1989). 

GABA A receptor immunostaining 
in the subplate o f  the fetal  cortex 

The presence of GABAA receptor immunoreactivity in 
the subplate zone contributes to a growing body of data 
which suggests that this transient, developmentally regu- 
lated zone may be an early locus of synaptic circuitry 
prior to and during the establishment of connectivity in 
the overlying cortical layers. 

It has been proposed that the constituent cells of the 
subplate zone serve as temporary targets for ingrowing 
corticopetal fibers (Shatz et al. 1988). This view has as its 

basis several sets of observations. It is well known that 
ingrowing thalamocortical and callosal axons undergo a 
protracted wait in the subplate zone prior to subsequent 
ingrowth into the cortex (Lund and Mustari 1977; Rakic 
1977; Wise et al. 1977; Innocenti 1981 ; Shatz and Luskin 
1986; Killackey and Chalupa 1986; reviewed in Rakic 
1988). Ultrastructural studies have identified the margi- 
nal and subplate zones as the first synapse-rich strata to 
emerge in the developing cortex (Kostovi6 et al. 1973; 
Molliver et al. 1973; Kostovid and Molliver 1974; Cragg 
1975; Wolff 1976; Blue and Parnavelas 1983; Chun et al. 
1987; Valverde and Facal-Valverde 1988), and the sub- 
plate zone in fetal cats is immunoreactive for Synapsin 
I (Chun and Shatz 1988), a molecule associated with 
synaptic vesicles (Bloom et al. 1979; Mathew et al. 1981 ; 
Llin~ts et al. 1985; De Camilli and Greengard 1986). 
Many subplate neurons during development are immu- 
noreactive for GABA, for neuropeptides or for both 
(Chun et al. 1987; Huntley et al. 1987, 1988; Wahle and 
Meyer 1987; reviewed in Shatz et al. 1988), and in cats 
have been shown to make local and interhemispheric 
connections (Chun et al. 1987; unpublished observations 
in Chun and Shatz 1989a). These data support the view 
of subplate neurons being synaptically active, and, as 
such, may be subject to GABAA receptor-mediated in- 
hibition. 

In the present study, GABAA receptor immunoreac- 
tivity was always much more diffuse in the subplate than 
in the overlying cortical layers. The diffuse quality may 
reflect the lower cell- and synaptic density of the subplate 
compared to overlying layers (Zecevic et al. 1989). The 
decline in GABA A receptor immunostaining in the sub- 
plate with increasing age is probably contemporaneous 
with the gradual elimination of the subplate zone itself. 
It has been shown, however, that some subplate neurons 
survive into adulthood as typical interstitial cells of the 
white matter in cats (Chun and Shatz 1989b), and many 
such cells in adult monkeys show immunoreactivity for 
GABA and for one or more neuropeptides, and appear 
to participate in cortical circuitry (Hendry et al. 1984; 
Jones et al. 1988). 

GABAA receptor immunoreactivity within the cell- 
dense layers of the fetal monkey sensory-motor cortex 
also gradually undergoes changes in intensity over time. 
It is unlikely that species differences account for the 
changes observed in the patterns of immunostaining. No 
species differences were observed in the patterns of im- 
munostaining in the adult animals and at the develop- 
mental ages (for example, El21 and E125) at which two 
species of macaques, each perfused with different con- 
centrations of fixatives, could be compared. It is difficult, 
however, to correlate the changes seen in staining inten- 
sity from one age to the next with changes in numbers 
of receptors. Quantitative autoradiographic studies in 
developing cat visual cortex reveal a steady increase and 
eventual overshoot in the number of SH-muscimol bind- 
ing sites, which gradually decline to adult-like levels 
(Shaw et al. 1984). Therefore, the gradual increase in 
intensity of receptor immunostaining seen over time is 
likely to reflect increases in the concentrations of GABAA 
receptors. It is clear that relative receptor distribution by 
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layers  g r a d u a l l y  acqui res  an  adu l t - l ike  p a t t e r n  over  t ime,  
t e m p o r a l l y  co inc iden t  wi th  the  i ng rowth  and es tabl ish-  
m e n t  o f  cer ta in  sets o f  connec t ions  (Ki l l ackey  and  Cha lu -  
p a  1986; C h a l u p a  and  K i l l a ckey  1989). As  ca l losa l  ax- 
ons,  a n d  o the r  i ng rowing  fibers, refine thei r  p ro jec t ions  
to  an  adu l t - l ike  pa t t e rn ,  G A B A A  recep tors  m a y  be in- 
duced  a n d  thei r  d i s t r i bu t ion  modif ied .  The  i n g r o w t h  o f  
gen icu locor t i ca l  f ibers in to  layer  IV o f  cat  visual  cor tex  
is cor re la ted ,  for  example ,  wi th  the  t rans ien t  a p p e a r a n c e  
o f  n icot in ic  recep tors  in this l ayer  (P rusky  et al. 1988). 

Func t i ona l l y ,  the  re la t ive ly  ear ly  a p p e a r a n c e  o f  
adu l t - l ike  d i s t r ibu t ions  o f  G A B A A  recep to r  i m m u n o r e -  
ac t iv i ty  and  o f  G A B A - i m n m n o r e a c t i v e  neu rons  (Hun t -  
ley et al. 1987; u n p u b l i s h e d  obse rva t ions )  in the m o n k e y  
s e n s o r y - m o t o r  cor tex  m a y  signify tha t  we l l -deve loped  
inh ib i to ry  c i rcu i t ry  is acqu i r ed  early,  and  m a y  be pa r t ly  
respons ib le  for  the ear ly  acqu is i t ion  o f  an  adul t - l ike  
capac i ty  for  tact i le  d i s c r imina t ion  obse rved  in in fan t  
m a c a q u e s  (Car l son  1984). Ac t iv i ty  d e p e n d e n t  r egu la t ion  
o f  G A B A A  recep to r  d i s t r ibu t ion ,  as d e m o n s t r a t e d  in the  
visual  cor tex  o f  m o n k e y s  ( H e n d r y  et al. 1990), m a y  p l ay  
a key  role in the e s t ab l i shmen t  o f  s e n s o r y - m o t o r  m a p s  
dur ing  this pe r iod  and  the p las t ic i ty  o f  r ep re sen t a t i ona l  
m a p s  in a d u l t h o o d  ( R a s m u s s o n  1982; K e l a h a n  and  
Doe t s ch  1984; Merzen ich  et al. 1984; Wa l l  and  Cus ick  
1984; Merzen ich  et al. 1988). 
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