
Quantitative Distribution of 
GABA-immunopositive and 
-immunonegative Neurons and 
Synapses in the Monkey Striate 
Cortex (Area 17) 

The number of GABA-immunoreactive [GABA( +)] neu
rons and synapses was determined in functionally dis
tinct subregions delineated as rich and poor in cyto
chrome oxidase (CO) in the visual cortex of adult macaque 
monkeys. The average numerical density (number per 
unit volume, NJ of GABA( +) neurons and synapses 
was not significantly different between the CO-rich and 
-poor regions. Twenty percent of the total number of 
cortical neurons and 17% of the synapses were 
GABA(+). On average, each visual cortical neuron re
ceives 3900 synapses, 660 of them being GABA(+) . 
The latter were distributed on the target cell in a pattern 
that predicts the site of GABA influences in cortex. The 
major targets of GABA( +) synapses were dendritic 
shahs, comprising nearly two-thirds of the postsynaptic 
elements. About every fourth and every eighth GABA( +) 
synapse was devoted to dendritic spines and to neuronal 
somata, respectively. Axon initial segments, although 
the exclusive targets of GABA( +) cells, comprise less 
than 0.1 % of structures postsynaptic to GABA( +) bou
tons. From this distribution, we estimate that in each 
cubic millimeter of striate cortex there were about 20 
million GABA(+) synapses on dendritic spines, 47 mil
lion on dendritic trunks, 9 million on somata, and fewer 
than 0.1 million on axon initial segments. 

The sites of influences of GABA-immunonegative 
[GABA( -)] synapses were different in that they target 
mainly dendritic spines and dendritic trunks. About two
thirds of GABA( -) synapses were on dendritic spines, 
and the remainder were devoted to dendritic trunks. 
Only a minute fraction innervate somata. We estimate 
that in 1 mm' of striate cortex there were about 235 
million GABA( -) synapses on spines, 133 million on 
dendrites, and about 2 million on somata. The propor
tions of GABA( +) neurons and synapses and their target 
distribution did not appreciably differ from those of the 
visual cortex of the cat even though the numerical den
sity of neurons was 2.5 times higher in the monkey. 
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A description of the circuitry of the cerebral cortex 
requires [he de termination of quantitative synaptic 
re latio nships. Establish ing indices of convergence, 
divergence, and (he chemical sta tus of cells and syn
apses are all central in constructing val id mode ls of 
the cerebral COflex. In add itio n, these characteristics 
must be estimated separately in di fferem cortical lam · 
inae because of their specific connectivity. The lo
catio n of a synapse o n the surface of the neuron may 
great ly infl uence its effect; therefore, the quant itative 
da ta shou ld idea lly incl ude the d istri butio n of syn
apses o n di ffe rent pOfli o ns of the rec ip ie nt cells. 

GABA is considered to be the major inh ibitory neu 
rot ransminer in the cerebral cortex ( Krnjevic, 1984) , 
contri buti ng ro severa l specific response propert ies 
of neurons in the visual (Sill ito , 1975. 1977; Silli to et 
aI. , 1980) and in the somatosensory cortex (Dykes et 
aI., 1984). Most of the GABA in the cortex is synthe
sized and released by intrinsic cort ica l neurons, which 
show great anatOmica l var iation. Although the ana
tamical localiza tion of GABA synapses has been stud
ied in di ffe re nt areas of the primate cerebral COflex 
(Houser et aI., 1984; Kisvarday et aI. , 1986), there is 
on ly sparse info rmation o n the overall dist ri butio n of 
GABA-pos itive and GABA-nega ti ve [G ABA( +), 
GABA( -), respective ly] synapses. One reason for this 
is tha t previous immu nohistochemical studies for 
markers such as glwamate decarboxylase (GAD) or 
GABA could o nly demonstrate the patte rn o f GABAer
gic innervation qualitatively; technical limitat io ns have 
prevented the de te rmi nation of the number, densi ty, 
and proportion o f GABAergic synapses. In a recent 
sllIdy, the quant itative distri bution of GABA ( +) syn
apses was determi ned for the firs t time in the cat visual 
cortex ( Beaulieu and Somogyi , 1990), using an im 
munogold techn ique. 

In the p resenr study, the q uant ilative d istri butio n 
o f GABA ( +) neurons and synapses was estimated in 
the di fferent laminae of the visua l COflex (area 17) o f 
macaque monkey. This was made separate ly in the 
cytochrome oxidase (Ca)-rich and -poor regions of 
area 17. I n add ition, targets of GABA(+ ) synapses 
were estimated in o rder to quant ify the major sites o f 
GABA infl uence in the monkey's primary visual cor
tex. 

Materials and Methods 
Tissue was obtained from four adult monkeys ( three 
M acaca mula tta, animals A, B, D; and onc Ma ca ca 
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Jascicularis, animal C), which were used for the lo
calization of a number of neuroactive substances and 
corticocort ical projections. At the e nd of the tracer 
experiments, animals received a le thal intravenous 
dose of sodium pentobarbitone and were perfused 
through the heart first with 500- 800 ml of Tyrode's 
solution (gassed continuously with 95% O2 , 5% CO 2 

mixture) followed by 4 liters of fixative containing 
1.5% paraformaldehyde (TAAB Co.) and 1- 2% glu · 
taraldehyde (TAAB Co.) in 0.1 M phosphate buffer 
(PB), pH 7.4. Aftet perfusion, the brain was removed 
and kept in fi xative for a few hours followed by several 
washes in 0.1 M PB. 

Tissue Processing 
Serial sections (60- 80 ~m thi ck) of large blocks of 
the visual conex were cut parasaginally on a vi bra
tome , washed thoroughly in PB (pH 7.4), and stored 
in the same buffer overnight , at 4°C. Alternate sections 
were processed either for electron microscopy (EM) 
or for CO staining using the protocol of Wong-Riley 
(1979) modified by Silverman and Tootell (1987). 
Briefly, the sections were rinsed in a washing medium 
of 0.1 M PB (pH 7.6) contai ning 10% sucrose for 4 x 
10 min and transferred into 0.05 M Tris buffer (TB ; 
pH 7.6) solution containing 275 mg/ li ter coba lt chlo· 
ride , 10% sucrose, and 0.1% Triton X-l OO (omitted 
when sections were processed for EM ), for 10 min. 
After 2 x 5 min washes in PS, incubation of the sec
rions was carried out in 0.1 M PS contai ning 50 Illg of 
3,3'·diam inobenzidine te trahydroch loride (Sigma), 5 
gm of sucrose , 7.5 mg of cytochrome C (type Ill ; 
Sigma),2 mg of catalase per 100 ml , and 0.1% Triton 
X-l OO (om itted for EM) under constant agi tation at 
38- 39°C for 4-9 h. The sections were then washed 
thoroughly in PB. They were mounted on chrome
gelatin-coated slides and covered with a mounting 
medium under a coverslip for light microscopic ob
servations. Sections for EM were washed in PB, post· 
fixed for 30 min in 1 % osmium tetroxide dissolved in 
0. 1 M PB (pH 7.4), dehydrated, and embedded on 
glass sl ides in DucurpanACM (Fluka) resin. In animal 
D, CO-stained sections were processed for EM, os
mium trea ted (1% in PB 0.1 M, 30 min), and mounted 
on glass slides in resin. 

For EM, ribbons of area 17 extending from the pia 
to the white matter were cur Out from the osmium
treated sections of the slides and reembedded in res
in. Guided by the pattern of CO staining in layer 
If -Ill of neighboring sections or direct ly on the os· 
mium -treared section, each ribbon was trimmed so 
that the longi tudinal edges were perpendicular to the 
pia and to the white matter, and enclosed to the radial 
axis of either a CO-rich or -poor region. Layer ing of 
the cortex was determined in osmium -treated and 
consecutive CO-reacted sections using Lund and 
Boothe's (1975) class ification scheme. 

Determination of the Number and Proportion of 
GABA(+) Neurons 
The numerical denSity of neurons (nu mber per unit 
volume, N y ) was calculated in each lamina of the 
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monkey visual con ex and separate ly in CO -rich and 
CO-poor regions in three of the fo ur animals (animals 
A, C, and D). Series of 5- 10 semirhi n sections ex
tending from the pia to the white matter were cut for 
each block. In order to localize the GABA( +) neu ~ 

rons, alternate sections were ei ther reacted with the 
postembedding method using the protocol as de
scribed by Somogyi and Hodgson (Somogyi e t aI. , 
1985) or stained with azure- methyle ne blue (Fig. 1; 
Richardson et aI., 1960). 

The numerical denSity of neurons per unit volume 
(Nv) was calcu lated in each cortical lamina (layers I, 
upper and lower half of !I · IIl , IVA, IVB, upper and 
lower half of IVC, V, and upper and lower half of VI) 
by stereo logical methods, as detailed by Colonnier 
and collaborators (O' Kusky and Colonnier, 1982; 
Beaulieu and Colonnier, 1983, 1985b). The neuronal 
nuclei were used as test objects because of their reg
ular shape. All neu ronal nuclei present in a 100-JLm 
wide strip of methylene blue- stained tissue were 
drawn from the pia to the white matte r. Altogether, 
6-10 nonoverlapping strips were analyzed in each 
animal. Immunoreactive ne urons were the n deter
mined using adjacent sections reacted for the dem
onstrat ion of GABA. 

The numerical denSity (Ny ) of neurons was ca l
culated according to the formula for e llipsoids (Wei
bel, 1979), 

K X (NA) I .~ 

N" ~ f3 x (V,,) " 

where NA is the number of profi les per unit area; Vv 
is the tota l volume of the objects divided by the tota l 
tested volume of the specimen, and this was equal to 
the tota l area of profiles divided by the total sampled 
area; K is a factor derived from the size distribution 
of the test objects; and {3 is a function of the axial 
ratios of the ellipsoids studied . The areas and the 
major and minor axes were obtained by direct mea
surement of the nuclear profiles on an electromag
netic graphic table t, and yielded V" and f3. For bio· 
logical objects, K rare ly exceeds 1.1 but will most 
often be in the range of 1.01- 1.1 (Weibel , 1979). We 
ascribed a value of 1.05 to K, and this gave an Nvvalue 
corresponding closely to that obtained using a nu
cleolar count with an Abercrombie correction (Beau
lieu and Colonnier, 1983). The number of neurons 
per unit column (Ne) was calcu lated by mu ltiplying 
the N v of each lamina by the thickness of the lamina 
dete rmined directly on the methylene blue- stained 
section with the help of the CO -reacted section. 

The numerical denSity of neurons was obtained 
also by using the disector method (Sterio, 1984). The 
principles underlying this method of quantification 
do not rely on assumptions about the shape or the 
Size- freq uency distribution of the test objects as does 
the method mentioned above. The disector method 
uses two parallel sections separated by a known dis
tance (Sterio, 1984). Profiles prese nt on one section 
(reference section) and disappearing on the serial 
" look-up" section were counted accord ing to the fol 
lowing formula: 



Figure 1. Light micrographs of three serial semi thin sections taken in layer III of monkey visual cortex. A and C are from sections stained with azure-methylene blue. while B 
is from a section reacted for the demonstration of GABA. Arrows indicate nuclear membranes of neurons that are not found on the serial azure-methylene blue section. Asterisks 
indicate the nuclei of GABA(-j neurons not present in the serial azure-methylene blue section. G, GABA( + j neurons; a, astrocytes. Scale bars, 20 J.Lm. 

N = ~Q-
v a x h 

where Q- is the number of nuclei appearing in the 
test area of the reference section but absent in the 

look-up section. The volume reference corresponds 
to the area sampled ( a ) multiplied by the distance 
( h) between the two sampling sections (the disector) . 

As described above , series of semi thin sections were 
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cut and alternate sections were reacted fo r the dem
onstration of GABA . All ne uronal nuclei present in a 
100 ,um strip of {issue in a section of the series were 
drawn from the pia to the white matter. For a com· 
parison of the two methods, we used the salne draw
ings analyzed with the previous method. The pres
ence of the neuronal nuclei profil es was then checked 
twO sections ahead in the series that was stained with 
methylene blue. All profil es thar d isappeared or were 
abselll on the first section were recorded. Immuno
reactivity for GABA was verified in the adjacent sec
tions of the series. 

For the determination of the distance between the 
reference and look-up sections, the secUon thickness 
has to be measured precisely. The ultramicrOlome 
(Ultracut E) was set 10 0.99 ,urn , and many series of 
100 sections from fi ve blocks of tissue were cut. The 
initial and rhe final thicknesses of the blocks were 
determined using a prec ise digita l micrometer (Dig
itrix rr ). The estimared mean thickness of e;:lch sec
tion was 0.95 ± 0.04 ,um. This estimare was also reg
ularly checked throughout the experi ment on shorter 
series and was found to be consistent. We therefo re 
used this value for the mean thickness of each semi
thin section. Since the reference and the look-up sec
tions were separated by two sections, the value of b 
in the disector formula was 1.90 ,urn . 

Quantitative Analysis Of GABA( + ) Profiles /n 
EM Sections 
To determine the number of GABA ( +) e lements in 
CO-rich and -poor regions, ultrathin sections were 
moullled OntO Single-slot nickel grids and reacted 
with an antiserum to fixed GABA using a postembed
ding collo idal gold melhod (Somogyi and Hodgson, 
1985). Briefly, the sections were treared with 1% pe
riodic acid and 1 % sodium pe riodate [Q etch the resin 
and remove the osmium . Afterwashing, the grids were 
sequent ial ly placed on d rops of 1 % ovalbumin, rabbit 
aI1li ·GABA serum [Hodgson el aI., 1985; code no. 9, 
diluled U OOO in Tris·buffered saline (TBS)], 0.1% 
polyelhylene g lycol in TB (pH 7.4) , collo idal gold 
(15 nm) coated with goal anti -rabbit IgG (Bioclin ; 
diluted 1:20 to 1:40 in rhe previous solution). Be
rween these steps, the grids were washed in TBS. 
Finally, they were washed in filt ered distilled water, 
air dried , exposed to osmium vapor for 1 min , stained 
with saLUrated uranyl acewte for ]0- 20 min , and con
trasted with a fresh solu tion of lead citrate . 

To test the specificity of the immunocytochemica l 
method, some sections were incubated in the full 
sequ ence of reagents except that the antiserum to 
GABA was replaced with the sa me d ilurion of norma l 
rabbit serum. Other sect ions were incubated in the 
anti -GABA serum that was previously preadsorbed to 
conjugated GABA lIsing a solid-phase procedure 
(Hodgson el aI., 1985). No se leclive gold or peroxi · 
dase labe ling (on semithin sections) was observed 
under these conditions. The antiserum to GABA 
showed a small cross-reactiviry with ,B-alanin and 
-y-amino-,B-hydroxybutyrate; Singular of those com
pounds is known to be concentrated in neurons. 
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Therefore, the ir poss ible presence in the sections 
should nOl affecl the results . 

In each animal , 10 nonoverlapping micrographs 
(covering abollt 400 ,um2) were ulken at a magni6 -
cation of 14,000 x in each conical lamina (layers I, 
11·111 , IVA, IVB, IVe , V, and VI) . In Ihree of Ihe four 
animals, data were collected separate ly for CO· rich 
or -poor regions. All negatives were printed at a fi nal 
magnifica tion of approximate ly 30,000 x . 

The numbers of synapses were counted '.lnd lengths 
of synaptic contac ts were measured on an electro
magneti c table t. A synapse was defin ed as the appo
sition of two profil es, one of which contained synapti c 
vesicles adjacent to a differentiated presynaptic mem
brane. Occasionally. two or three small zones of 
synaptic me mbrane thickening occurred between a 
pre - and postsynaptic profile. In sLU d ies usi ng recon
stru ction of synapses from serial sections, it has been 
shown (Peters and Kaisermann -Abramof, 1969; Cohe n 
and Siekevitz , 1978) that these actually correspond 
to a single "perfo rated" synaptic junclion. Such syn
aptic appositions were thus taken as a single synapse 
rathe r than twO or three small ones. 

Postsynapt ic e lements we re class ified under four 
different categories (Fig. 2). Dendritic shafts were 
identi fied by the presence of mitochondria and mi
crotubules. In contrast, dendritic spines lacked mi 
tochondria and microtubules, were of small diameter, 
and occasional ly contained a spine apparatus. If the 
nucleus was absent on the print, somata were iden
tified on the bas is of their size and the high density 
of ce ll organe llessllch as Golg i apparatus. Axon ini tial 
segments were the most difficuh postsynaptic e le 
me nts to diH'erenriare from dendritic shafts. Postsyn
aptic profil es were placed in this category on the basis 
of the prese nce of an undercoating beneath the plas
ma membrane and microtubule fascicles within the 
profiles (Fig. 2A, ais). 

The immunoreactivity for GABA was qualitatively 
eva luated. Pre- and postsynaptic profi les were consid
ered to be immunoreactive for GABA, if the denSity 
of gold particles was severa l times higher than that 
observed over nearby neuropil e lements (e.g. , Fig. 2, 
b+ , d + ). When Ihe difference in Ihe density of GABA 
immunogold labeling was not high enough to claSSify 
its GABA content unequivocally, it was placed in a 
category of " GABA-equivocal." It is assumed that the 
prop0rlion of GABA( + ) profil es in Ihe categoty oflhe 
GABA-equivocal category was si milar to that calcu 
lated fo r the identified contacts. Therefore, the num 
bers obtained for this category were added propor
tionally to the population of genuine GABA ( +) 
synapses. Some of the postsynaptic e lemems could 
not be identified , and they were placed in the category 
of " unidentified postsynaptic elements." In [he tab les 
and figures that follow, the pe rcentages of synapses 
on spi nes, dendritic trunks, and somata are percent
ages of postsynaptic elements that were uneqUi VO
ca lly idemifi ed. 

The numeri cal denSity of synapses (number per 
unit volume, NI') was calculated using a method of 
size- frequency distribution, according to the formula 



Figure 2. Electron micrographs of synaptic elements in the neuropil of layer III lA!. layer IVC IB). and layer IVB IC) in the striate cortex of monkey. Sections were immunoreacted 
for GABA; profiles with high density of colloidal gold particles le.g .. b+ , d+) are considered GABAI + I. Gray's type 1 Ising/e arrows) and type 2 Idoub/e arrowsl synapses are 
found between immunopositive I + I and immunonegative I-I boutons Ib!. dendrites Id!. spines Isl, and axon initial segment laisl. The axon initial segment can be identified on 
the basis of fasciculated microlUbules seen in cross section. Some synapses 171 cannot be classified in the section shown in B. Scale bar, 0.5 ILm for A-C. 

where NA is the number of synaptic contacts per unit 
area and d is the mean trace length of the synaptic 
membranes, We used this formula because an em
pirical verification has shown that it was accurate for 
synaptic contacts of the size and shape that were found 
in 60-80 nm sections of cat cortex (Colonnier and 
Beaulieu, 1985). 

In animal A, in addition to the above methodology, 
we applied the disector method for determining the 
number of synaptic contacts (Sterio , 1984; see review 
by Gundersen et aI., 1988a,b). Two adjoining ultrathin 
sections were chosen, and overlapping electron mi
crographs from one section were taken from the pia 
to the white matter along the edges of sections rep
resenting the long axis of CO-rich and -poor regions. 
All synapses that were present in one section but dis
appeared in the other were counted. Because of the 
low number of test objects obtained with this method, 
only the total number of synapses was estimated: no 
attempts were made to classify these synapses in the 

different categories mentioned earlier. The numerical 
density of synapses was calculated using the disector 
formula given above for the estimation of neurons . 
The section thickness was determined by the single 
fold method (Weibel, 1979). The thickness of an ul
trathin section was taken as equal to half the width 
of the smallest fold found. The thickness of each sec
tion was measured in different regions and the values 
were averaged to obtain a reliable estimate. 

No direct estimate of tissue shrinkage was made. 
However, Colonnier and his colleagues (O 'Kusky and 
Colonnier, 1982; Beaulieu and Colonnier, 1983) re
ported that the linear shrinkage of tissue taken from 
cat and monkey visual cortex and processed for EM 
was in the order of 14- 16%, Therefore, we used a 
shrinkage value of 15%. It should be noted that the 
absolute values were affected by the shrinkage, and 
they were corrected accordingly. Nevertheless, the 
relative values such as the proportion of GABA( + ) 
neurons and synapses, the number of GABA( +) syn
apses per neuron, and the relative distribution of syn
aptic targets among cortical laminae were indepen
dent of any tissue shrinkage. 
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T. ble 1 
CG/l'lParison of different numerical dala between CO-rich and CO-poor regions of monkey striate cortex 

CO rich CO poor 

A. GABAI + I elements 
N, "",rons Ir11ou"oo/mm'1 21.4 ± 2.1 23.9 ± 1.6 
N, synopses Imillion/mm'1 74 ± 5 77 ± 8 
SYllaplic julEtion leNJth IILffiI 0.25 ± 0.02 0.24 ± 0.03 
Targets 

Spine, 1%1 27.7101 25.7101 
Oeoori", 1%1 58.7111.91 64.215.91 
Somata 1%1 13.6101 10.111.51 

B. GABAI-l elements 
N, neurons l,ilousaoo/mm'1 91.2 ± 3.1 97.2±8.1 
N, synapses Imillion/mm'1 335 ± 31 387 ± 27 
Synaplic jUl1C1ion length (p.m) 0.30 ± 0.02 0.30 ± 0.02 
Targets 

Spines 1%1 64310.031 63.1101 
Oerolri", 1%1 3551881 36.3 19.31 
Somata 1%1 031031 0.610.61 

C. GABA( +) synapses in layer III of monkey C 
N, Imillion/mm'1 85 ± 8 88 ± 16 
Synaplic junction length Ip.m) 0.29 ± 0.05 0.27 ± 0.02 
Targets 

Sjline, 1%1 19.8101 29.2101 
Oerolri", 1%1 65.619.31 64.216.91 
Somata 1%1 14.612.11 6.6101 

These dala sOOw the number of neurons and synapses per unit volume 01 (issue INvl, synaptic IWJlh. and postsynaptic targets 01 GABAI +) (section AI and GABA{ -llsetlion 
8) synaplic boutons in CO-rich Of -poor C1llumns of the 101al conical depth (layers I-VII of monkey striate conel (means and SEM values: n'" 3. animals A. C. and D) and in 
layer III 01 animal C (section Cl, Numbers in parentheses represent the proportion of GABA(+} postsynaptic targets. 

Results 

Comparison of CO-Ri cb and -Poor Regions 
The numerical denSity (NL,) of neurons and synapses, 
synaptic length, and distribution on postsynaptic el
ements were analyzed separately in CO-rich or -poor 
regions in the visual con ices of three monkeys (an
imals A, C, and D). When comparing these different 
estimates, the results are similar in the (WO regions 
(Table 1). Indeed, percentage differences in neuronal 
or synaptic NI" length of synaptic junctions, or distri 
bution on postsynaptic elements of GABA( +) or 
GABA( -) synapses between CO ·rich and ·poo r 
regions were usually low, and the values were not 
statistically different on a one-way ANOVA. In order 
to verify this Similarity in the quantitative distribution 
of synapses between CO·rich and -poor regions, an
other series of electron micrographs was taken par· 
allel to the conical surface from layer III of one mon
key (animal C). This lamina was chosen on the basis 
of the clear separation of CO·rich blob and CO-poor 
interblob regions. Two CO·rich and two CO·poor 
regions were analyzed in these tangential sections. 
The number, length, and distribution of GABA( +) 
synapses on different postsynaptic elements were not 
significantly different (AN OVA) between these twO 
regions (Table I , section C). Therefore, all subse· 
quent values given in this anicle were from the pooled 
data calculated from CO-rich and -poor regions in the 
three monkeys studied and of anmher monkey (ani
mal B) in which this distinction was nm made. 
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Number of Neurons 
The average numerical densities of the tmal popu
lation and of GABA( +) neurons are shown in Table 
2 and Figure 3. These estimates were calculated wi th 
the disector method. The twO quantification methods 
provided results differing only by 3- 5%. We decided 
to present data obtained with the disector method 
because it was nm affected by the shape and the size
frequency distribution of the measured test objects. 
For the total cortical thickness (layers I- VI) , the av
erage numerical density of the total population of 
neurons was 114 ,800 ± 5200/ mm'. Of these , 20.5% 
were considered to be GABA( +), corresponding to 

23,600 neurons/mm' . GABA( -) neurons represent 
79.5% of conical neurons, corresponding to a nu 
merical denSity of 91 ,200 neurons/mm~. There are 
considerable variations in the packing densiry of neu 
rons among different cortical laminae. Low densities 
of neurons are evident in layers 1, lower half of VI , 
IVB, V, and upper half of IVC as compared to their 
immediate neighbors. The packing densities of 
GABA( +) neurons follow a similar pattern of distri 
bution, except that the difference between layer I and 
the other conical laminae was smaller. Similarity of 
laminar variation between the N v of the overall pop
ulation and of GABA( +) neurons results in a low 
variation in the proportion of GABA( +) neurons 
among the cortical laminae, with the nmable excep
tion of layer I in which the proportion reaches 85.2%. 
In other layers, 'he percentage of GABA( +) neurons 
ranges from 15.4% (upper part of layer vI) to 25 .1% 



• 

Tlble 2 
Number I x 1 (}ll of neurons in area 17 of the monkey 

Neurons/rntnl NeurOfls under 1 rnnY of pia 

Layefs All GABAI+I All GABAI+I % GABA(+I 

13.5 ± 9.9 11.5 ± B.4 1.5 ± 1.1 1.1 ± 0.9 B5.1 ± 10.5 

11·111 . I 151.B ± 31.0 33.6 ± 19.6 30.B ± 3.6 6.3 ± 1.1 10.9 ± B'\ 
11·111 . 1 102.1 ± 18.9 11.B ± 8.5 11.4 ± 5.9 4.5 ± O.B 11.1 ± 6.5 
11·111 117.0 ± 19.1 1B.1 ± 14.0 51.1±7.9 10.B ± 1.9 11.1 ± 7.1 

IVA 104.1 ± 16.4 44.5 ± 11.1 18.9 ± 1.B 4.3 ± 1.5 13.0 ± 9.1 

Ive 96.1 ± 15.1 10.4 ± 4.6 17.7 ± 1.6 3.B ± 0.9 11.3 ± 3.0 

Ive. I 131.1 ± 9.3 1I.B ± 8.0 19.1 ± 1.3 3.1 ±0.7 16.6 ± 5.7 
IVe.1 IB6.9 ± 11.0 31.9 ± 4.8 17.5 ± 4.5 4.9 ± 1.1 17.7 ± 1.6 
Ive 156.9 ± 15.7 17.0 ± 1.0 46.\ ± 7.0 7.9 ± 0.5 17.3 ± 1.8 

V 91.B ± 13.4 11.3 ± 6.4 10.9 ± 1.1 1.B ± 0.9 15.1±7.0 

VI. I 13B.0 ± 14.5 11.6 ± 5.9 19.\ ± 3.1 3.0 ± 0.7 15.4 ± 1.6 
VI. 1 51.1 ± 17.7 11.4 ±0.4 7.6 ± 3.9 L6 ± 0.4 14.B ± 9.6 
VI 97.1 ± IB.6 16.5 ± 1.9 17.1 ± 6.B 4.6 ± 0.9 17.1 ± 1.3 

I-VI 114.B ± 5.1 13.6 ± 3.B 174.4 ± 3.0 35.3 ± 10.4 10.5 ± 3.3 

Oata are means aoo SEM values In = 4). I. upper hall: 2. Iowel' hall. 

Layers Means and standard errors 
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Figure 3. Number of GABAI+I and of the overall population of neurons per cubic millimeter of tissue in striate conex of the monkey. Means and SEM values are given for the 
IOtal COfticalthickness \I-VII and for each cortical lamina [layers I. upper half III and lower (2) half of ".f/f. IVA. IVB. upper and lower halves of IVC. V. and upper and lower 
halves of VI]. These numbers were obtained using the disector method. 

Cerebral ConexJuly/ August 1992, V 2 N 4 301 



Tabl.3 
Numerical density (x 1{)6) and synapse-tQ-neuron ratio in different laminae of area 17 of rmnkeys 

Svnapses/mm' 

Layers All GABAI+I 

I 503.5 ± 57.5 115.B ± 5.5 
IHII 539.6 ± IB.9 93.9 ± 4.1 
IVA 4B9.0 ± 40.3 101.1 ± 3.6 
IVB 430.4 ± 4B.1 B7.B ± 4.1 
IVC 451.B ± 49.5 115.7 ± 3.B 
V 434.4 ± 90.1 70.4 ± 5.6 
VI 161.5 ± 34.7 49.7 ± 7.7 
I-VI 445.7 ± 17.6 75.B ± 5.3 

Data are means and SEM values In = 4}. 

(layer V): an estimate of 20.5% was calculated for the 
total cortical thickness (Table I) . 

By combining laminae thickness and N v• we de
termined the number of neurons in each lamina un
der 1 mm2 of cortical surface. These figures for the 
overall population and for GABA( +) neurons were 
given in Table 2. For the total cortical thickness, there 
were about 174,400 neurons in a column of striate 
cortex beneath 1 mm2 of pial surface. Supragranuiar 
laminae (layers I- Il -Il!) contain 31% and granular 
laminae (layers IV) contain 47% of the total neurons 
in a column of visual cortex. The neurons in infra
granular laminae represent 22% of the tOlal popula· 
tion of neurons in a column of area 17. The distri · 
bution of the 20.5% of neurons that were GABA( +) 
among the laminae does not appreciably differ from 
that described for the total population of neurons: 
34% (12,000) are located in the supragranular lami 
nae, 45% (16,000) are in granular, and 21 % (7400) 
are found in infragranular laminae. 

The Number of AU Synapses per 
Cubic MIUlmeter of Cortex 
The IOta I number of synapses per cubic millimeter of 
tissue is given in Table 3, for each lamina and for the 
total cortical thickness. These estimates were ob· 
tained with the NA / d method (see Materials and Meth
ods and Discussion) . For the total cortical depth (lay
ers I-vI), the numerical denSity of all synapses was 
in the order of 446 ± 28 million/ mm3 of visual cortex. 
The average values obtained for the four monkeys are 
relatively uniform, the SEM expressed as a percentage 
of the mean (which is a good estimate of the sample 
variability) being in the order of 6%. The numbers of 
synapses/mm3 are similar from layer I [Q layer V (rang· 
ing from 434 million/mm' in layer V to 539 million/ 
mm' in layer 11-111), but in layer VI the N v is lower, 
probably due to the gradual increase of nonsynaptic 
axons. 

In animal A, the total number of synapses was es
timated by the disec[Qr method. With this technique, 
the numerical density of synapses for the total cortical 
depth (I-VI) was 451 million/mm' compared to 410 
million/ mm3 using the NA / d formula in the same an
imal, resulting in a difference of only 9.1% between 
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Synapse-to-neuron ratio 

All GABAI+I % GABAI+I 

37.367 ± 1157 B594 ± 531 13.0 ± 3.4 
4148 ± 410 739 ± BI 17.4 ± B.3 
1396 ± 191 501 ± 53 10.9 ± 9.0 
4473 ± 151 911 ± 101 10.4 ± 3.4 
1B79 ± 106 737 ± 61 15.6 ± 5.3 
46BI ± 513 75B ± B1 16.1 ± 3.7 
1703 ± 199 511 ± 51 18.9 ± 1.5 

3BB3 ± 193 660 ± 65 17.0±1.6 

the [Wo methods. However, a greater variation was 
found from layer to layer, probably because of the 
difficulty in recognizing disappearing synaptic con· 
tacts (see Discussion). 

The Number of GABA( + ) and GABA( - ) 
Synapses/ mm' of Cortex 
For the total cortical thickness (I- V!), there are 76 
million GABA( +) and 370 million GABA( -) syn
apses/mm' of striate cortex (Table 3, Fig. 4). SEM 
values expressed as the percentage of the mean were 
in the order of 7% for GABA( + ) and for GABA( -) 
synapses. This indicates that the N v values are similar 
among the four animals. In individual laminae, the 
number of GABA( +) synapses varied from 50 mil
lion/mm" in layer VI to 118 million/ mm" in layer Ive 
(Table 3). Of the identified population of synapses, 
about 17% of all contacts were GABA( +) and 83% 
were GABA( -) for the total cortical thickness. In 
individual laminae, GABA( +) contacts ranged from 
16% in layer V to 26% in layer IVe (Table 3) . 

Synapses to Neuron Ratios 
The average number of synapses per neuron is pre
sented in Table 3 and Figure 5. These estimates were 
obtained by dividing the numerical denSity of syn
apses by the Nvofneuronal cell bodies. It is important 
[Q note here that since these two estimates were ob
tained on the same material, the shrinkage did not 
affect this ratio. For the total cortical thickness, there 
were abour 3900 synapses per neuron, 660 of them 
being GABA( +). There were variations among cor
ticallayers, but it should be noted that many synapses 
in any given layer can be on processes of neurons 
whose cell body lies in a different layer. The total 
synapses to neuron ratio is the highest in layer I 
(37,400) and close to the average value in layers V 
(4700), IVB (4500), and 11 -111 (4200). It was lowest 
in layers IVA, Ive , and VI (about 2500). The laminar 
distribution of GABA( +) synapses per neuron fol
lowed a similar pattern. 

Lengtb of Synaptic Thickening 
The mean cut length of the overall population (0.29 
~m) and of the GABA( -) synapses (0.30 ~m) was 
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Figure 4. NUnDer of GABA(+I and of lhe overall populalion of synapses per cubic millimeler 01 lissue in striate conex of lhe roonkey. Means am SEM values are given for 
the 100al conicallhickoess (I-VII and IOf each conical lamina (layers I. ,1-/11. IVA. IVB. IVC. V. and VII. These numbers were otJlained lIsing Ihe N~/d mellwxl. 

greater than that of the GABA( +) synapses for the 
(ma l cortical th ickness (0.24 .urn ). Synaptic length 
tends to be similar among cortical lam inae. It appears, 
however, that the average lengths of GABA( +) and 
GABA( -) synapses on spines were grea ter (0.27 and 
0.32 I'm) than those obtained on dendrites (0.24 and 
0.29 I'm) or on somata (0. 15 and 0.26 I'm). This tre nd 
was present in all four monkeys studied. 

Postsynaptic Elements 
The d istributio n of GABA( +) and GABA( -) synapses 
on spines, dendritic tru nks, somata, and axon initial 
segmems is given in Tables 4 and 5 and in Figures 6 
and 7. Of the identifiable postsynaptic e lements, 26.7% 
of GABA( + ) synapses targeted spines, 61.6% were o n 
dendrites, 11 .7% were found on somata, and less than 
0. 1% comacted axon initial segments. Of these tar
gets, 9.6% were GABA ( +) (8.8% dendrites and 0.8% 
somata). From these proportions, we esti mated1 that 
there were about 20 million/ mm3 GABA( +) synapses 
on dendritic spines, 47 million/mm~ on dendritic 
trunks, 9 million/mm~ on somata, and 0.07 million/ 

mm~ on axon initial segments. In ind ivid ual laminae, 
the proportion of GABA( +) synapses on sp ines and 
dendrites was similar to that obtained for the total 
cortical thickness . The percemages on somma and 
axon initial segments, however, varied greatly among 
the cortical laminae, perhaps reflecti ng the relatively 
low numbers of sampled synapses contacti ng the cell 
bodies. Only eight synaptic profiles Out of a lotal sam· 
pling of about 6000 profiles involved axon initial seg
ments in the four monkeys analyzed. Since they rep
resent onlya small proportion of the m'erall popu lation 
of postsynaptic elements, we added their proport ion 
to that of somata. 

The target distribution of the GABA( -) synapses 
was different from that of GA BA ( +) synapses. For the 
total cortical thickness, the majority of GABA( -) syn
apt ic contacts were found on spines (63.6%), fewer 
were found on dendrites (36.0%), and o nly a small 
proportion were on somata (0.5%). O f these targets, 
9.6% were GABA ( +) (9.1% on dendrites , 0.5% on 
somata). We have estimated (see note 1) that in 1 
mm.l of monkey visual cortex (here were aboUl 235 
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NUMBER OF SYNAPSES PER NEURON 

Layers Means and standard errors 
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Figure 5. Number of GABA( +} and of the overall population of synapses per neuron in striate cortex of the monkey. Means and SEM values are given for the 101al cortical 
thickness (I-VI} and for each cortical lamina (layers /, /I-Ill. IVA. !VB, /VC, V. and VI), These numbers were obtained tJy dividing the Nv 01 synapses by the neuronal Nv. 

million GABA( -) synapses on spines, 133 million on 
dendrites, and 2 mill ion on somata . It should be noted 
that all somata targeted by GABA( -) synapses were 
GABA( +). In individual lami nae, the proportion of 
GABA( -) synapses on sp ines and dendrites remains 
re latively constant 

Tabla 4 
Percentage of GABA( + 1 synapses on spines. dendrites. and somata and axon ini tial 
segments 

Somata and axon 
layers Spines Oendrites initial segments 

I 179101 71.115.71 0101 
11· 111 28.3101 54.2111.41 17.5101 
IVA 27.8101 56311031 15.913.61 
IV8 24.1101 67.817·91 8.1101 
IVC 24.9101 57.616.31 17.514.61 
V 378101 72.219.71 0101 
VI 258101 74.214.11 0101 

I-VI 26.7101 6161881 11.710.81 

Numbers in parentheses are proportions an GABA( + 1 paSlSynaplic elements (n - 41. 

304 Quantitative Distribution of GABA Synapses · Beaulieu !;!t al. 

Correlation between tbe Structure and GABA 
Reactivity of Synaptlc Terminals 
Synapric contacts in which the synaptic cleft could 
be seen unambiguously ( n = 406) were evaluated in 
area 17. Of these, 349 synapses were classified as type 
1 or asymmetric, 44 were type 2 or symmetric, and 
the extent of the postsynaptic membrane speciali za-

Tabl.5 
Percentage of GABAI -I synapses an spines. dendrites. and somata 

layers Spines Oendrites Somata 

I 57.4101 42.6114.71 0101 
11·111 66.5101 335110.11 0101 
IVA 59.9101 36.618.61 351351 
IV8 61.0101 36.618.61 2.412.41 
IVC 56.8101 42.616.01 0.610.61 
V 68.3101 31.718.81 0101 
VI 69.0101 31.0 18.21 0101 
I-VI 63.6101 35.919.11 0510.51 

Numbers in parentheses are proportions on GABA( +} postsynaptic elements In = 41. 
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Figure 6, Distribution of postsynaptic targets to GA8A! + I synapses in each lamina in area 17 of the monkey cortex, Solid bars represent the proportion of GA8A( + I postsynaptic 
elements, 

tions was equivocal at 13 synapses. The vast majori ty 
of te rminals showing asymmetric synapses (34 5 Out 

of 349; 98.9%) were GABA ( - ). The GABA immuno· 
reactivity of the four remaining asymmetric synapses 
was equivocal. 

Among the 44 symmetric synapses examined , 42 
(95.5%) were clearly GABA ( +). Two symmetric syn· 
apses were placed in the "undetermined" category 
due to equ ivocal GABA reactivity over these profiles. 

In addition to the correlation between the extent 
of the postsynaptic specializat ion and the GABA im
munoreactivity of the presynaptic terminal , the shape 
of the synaptic vesicles was also analyzed qualitative· 
Iy. In 319 out of the 406 terminals, the shape of the 
synaptic vesicles could be determined unambigu · 
ously. All terminals with asymmetric synapses con· 
tained round vesicles, and all terminals with sym· 
metrical contacts conta ined small p leomorphic 
synaptic vesicles (see Fig. 2). 

Discussion 

Accuracy of Absolute Values 
Some of the stereo logical methods used in the present 
srudy rely on assumptions about the shape and the 

Size- frequ ency distribution of the objects bei ng mea· 
sured. Unbiased stereo logical methods recently in· 
traduced by Sterio (1984; see review by Gundersen 
et al. , 1988a,b) are not dependent on assumptions 
about shape and distribution. It has been proposed 
that these methods are more re liable than those based 
on rough approximation of the shape . In the present 
study, we applied the d isector method for the deter· 
mination of the number of GABA( +) neurons and, 
in one animal , for the determination of the number 
of synapses. We found , as described previously by 
others ( Pakke nberg and Gundersen, 1988; West e t aI. , 
1988; Brae ndgaard et aI. , 1990; Mayhew, 1991) , that 
the disecror method has several advantages over con· 
vent iona l methods for (he determination of the num
ber of neurons. These advantages range from being 
less time consumi ng to the relative simplicity of ap
plying the method. However, there were practical 
problems in applying the method ro synapses. In our 
hands, it was more time consuming and more difficult 
to apply than the N.! d method, for the following rea· 
sons. When using two consecutive ultrathin sections 
(60- 80 nm thick), the number of synaptic profiles 
disappearing ( Q- in the disector formula) on the 
next section is low. Therefore, in order to increase 
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Figure 7. Oislribution 01 postsynaptic targets to GABAI -) synapses in each lamina in area 11 01 the rrookey ronex. Solid bars represem the proportion of GABAl +) postsynaptic 
elemems. 

this number, especially if several categories of syn· 
apses were analyzed, the sampling area must be con
siderably increased. Moreover, the sampling was based 
on those synaptic junctions so small in size that they 
disappeared in the next ultrathin section. These were 
the most difficult synapses to identify and character
ize . A reasonable compromise is to Cut more serial 
sections or to analyze more distant sections. With the 
N,/ d method, all synapses were sampled in the test 
area, and the above problems became less crucial. 
Thus, although this stereological method relies on 
rough assumptions of the shape and distribution of 
objects, errors introduced should be less than 10% 
(Colonnier and Beaulieu , 1985). 

Our results were based on the selective detection 
of GABA in neuronal elements using the postembed
ding immunogold technique_ We achieved strong im
munoreactivity over a select population of elements 
(terminals, dendrites, and somata; see Fig. 2) with 
low levels of immunogold elsewhere. As in all im
munocytochemistry, it is not possible to determine 
whether all GABA( +) elements were labeled, be· 
cause some structures may have GABA levels below 
the senSitivity of our method. It should be noted, 

306 Quantitative Distribution of GABA Synapses • Beaulieu et al. 

however, that one of the major problems in immu
nological techniques, the penetration of the antibody 
into the tissue, is overcome by the postembedding 
techniques, since the reaction was located on the sur
face of the section. 

Interestingly, the density of gold particles over 
dendritic profiles was consistently lower than that 
found over nerve terminals. Furthermore, and in 
agreement with previous reports, the level of GABA 
immunostaining was often highest over mitochon
dria. Since GABA is actually metabolized by mito· 
chondrial enzymes, the high immunoreactivity over 
mitochondria indicates high concentration of GABA 
in these cell organelles, which makes the classifica
tion of the profiles easier. However, small dendrites 
or spines that do not contain mitochondria but orig
inate from GABAergic cells may not show immuno
staining for GABA and may be falsely classified as 
GABA( -). Therefore, we cannot rule out the possi· 
bility that some GABAergic nerve terminals and es· 
pecially some dendrites were considered as GABA( - ) 
or placed in the category eqUivocal for GABA reac
tivity. As mentioned in Materials and Methods, the 
number of synapses in this latter category was added 



proportionally to GABA( +) synapses. If these equiv· 
ocally labeled synapses were all GABA( + ) , our nu· 
merical results may be so mewhat biased toward un
derestimating the GABA ( +) neuro nal e le me nts. 
However, the bias will not be great because this cat
egory of synapses represents only 2.6 ± 1.1% of the 
total population. 

Comparison between CO-RIch ami -Poor Regions 
It has been suggested that the prominent CO zones 
of area 17 are also enriched in the amount of the 
GABA·synthesizing enzyme GAD (Hendrickson et aI. , 
1981). Interestingly, however, a previous study (Hen· 
dry e t aI. , 1987) found no difference in the number 
of GABA( +) neurons in CO·rich patches and in the 
CO -poor zones. The present study confirms and ex
tends this finding as the quantitative d istribu tion of 
GABA( +) neurons and nerve te rminals was not d if· 
ferent between CO-rich and CO -poor regions, 

MOrphology of GABA Terminals 
A strong corre lation was found between the mor
phology of the synaptic vesicles, the extent of the 
postsynaptic opaci ty, and the presence of GABA im
munoreactivity in axonal terminals. A si milar corre· 
lation has been reponed in the cat visual cortex 
(Beau lieu and Somogyi, 1990). In this latte r species, 
however, in addition to te rminals having pleomorphic 
ves icles and type 2 junctions, a second and small pop
ulatio n of GABA( +) te rminals containing large ovoid 
synaptic ves icles also made type 2 synaptic contacts. 
We did not find similar terminals in the monkey. It 
may be that the sample was not large enough to en
counter them. 

Terminals containing pleomorphic vesicles and 
making type 2 or symmetrical synapses have been 
assumed, without direct neurochemical evidence. to 
exert inhibitoryinftuence (Gray, 1959; Uchizono, 1965; 
Szemagothai, 1969) . Previous qualitative immuno
cytochemical stud ies (Ribak, 1978; Freund et aI. , 1983; 
for a review see Houser e t al. , 1984) and the p resent 
quantitative results large ly support this assumption. 
It should be emphasized, however, that although many 
of the boutons forming symmetrical or type 2 synapses 
do indeed contain GABA in the cortex, the chemical 
nature of any individual bouton cannot be de termined 
with certainty when based solely on morphological 
crite ria. For example. dopaminergic (Goldman-Rakic 
et aI. , 1989) boutons also form rype 2 synapses in the 
primate cortex. From our quantitative study, it is clear 
that the total contribution of these synapses is prob
ably less than 5%. 

Numerical Paramerers of Cortical Circuitry 
There are many estimates of the numerical de nsity of 
neurons in the striate cortex of monkeys (for a review, 
see Colonnier and O 'Kusky, 1981). All agree that there 
are more neurons per unit volume of tissue in the 
striate cortex of primates than in other cortical areas 
or in the neocortex of nonprimate mammals. Is this 
d ifference re flected in the number of GABA neurons? 
In the cat (Gabbott and Somogyi , 1986) and in the 

monkey, 20% ofthe total population of visual cortical 
neurons were GABA( +). Since there were 2.5 times 
more neurons per unit volume in the monkey visual 
cortex, the absolure number of GABA( + ) neurons is 
also 2.5 times higher in the monkey. Comparing dif
ferent cortical areas in the monkey cortex, Hendry e t 
al. (1 987) have also estimated that the visual cortex 
contains more GABA( +) neurons beneath a given 
pial surface than any other cortical area. The expla· 
nation for or consequences of the high number of 
neurons in primates is still under debate, but it ap
pears that as more neurons are added to cortex, the 
bas ic cortical circuit re tains the same proportion of 
inhibi rory neurons. 

As repoered in the cat (Gabbott and Somogyi, 1986), 
rat (Meinecke and Peters, 1987), and monkey (Hen· 
dry e t aL, 1987) , the vaSt majoriry of neurons in layer 
I are GABA( +). This layer has the lowest numerical 
denSity of neurons while the denSity of synapses was 
abour the same as in other layers, but most of these 
synapses are on p rocesses originating from other lay
ers. 

We calculated the overall number of synapses ro 
be 446 million/ mm' of the monkey striate cortex, pro
viding on average 3900 synapses/neuron. These es
timates are higher than those calculated by O' Kusky 
and Colonnier (1982; 276 million/mm' and 2300 syn· 
apses/neuron). The difference between our estimates 
and those of O 'Kusky and Colonnier can be attributed 
large ly ro the different formulas used in these two 
studies. They used a formula that tends to underes
timate the synaptic number (see Colonnier and Beau
lieu , 1985). Using our formula, the overall number 
of synapses reported by O' Kusky and Colonnier would 
increase by some 50%, resulting in a value of 414 
million/ mm} and 3450 synapses per neuron, close to 
the values obtained in the present study. 

Having obtained estimates for the monkey, com
parison can be made among the most frequently stud
ied species in the parameters of inhibitory synapric 
connections. In the striate cortex of monkey, 76 mil 
lion of the 446 million synapses/mm' (17%) are 
GABA( + ). In cat visual cortex, it has been estimated 
(Beaulieu and Colonnier, 1985b; Beaulieu and Somo· 
gyi, 1990) that 48 million of the 286 million synapses/ 
mm' of tissue were GABA (+) (17%). Even though 
the numerical denSity of synapses in the cat visual 
cortex is only two- thirds of that calculated in the mon
key, the similar p roportion of GABA( +) synapses in 
these two species is remarkable. Also, a similar pro
portion of synapses was GABA( + ) throughout the 
layers, and this suppOrts the notion that a basic cor· 
tical circuit is repeated from layer ro layer and species 
to species_ 

It would be interesting to compare these param
eters to those of the rat, used extensively in cortical 
studies. There does not exist, to our knowledge, any 
d irect estimate of the quantitative d istributio n of 
GABA( +) synapses in the rat visual cortex. Peters and 
Feldman (1976; see also Peters, 1987) reported that 
symmetrical synapses accounted for 13% of the total 
population of synapses in layer IV. Assuming that most 
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of these were GABA( +) synapses, the proporr ion ap
pears somewhat lower in this species than in cars and 
monkeys. 

The numerica l parameters of corrical circuitry can 
be compared among species using the present and 
pub lished data, provided the methods in differenr 
studies are comparable. The neu ronal densiry was 
higher in the monkey (1l5,000/mm·' ) than in the cat 
(50,000/mm' ; Beaulieu and Colonnier, 1983) or in 
the rat visual correx (80,000/mm j

; Warren and Bedi , 
1982; Pete rs, 1987) . The numbe r of GABA ( +) syn· 
apses was estimated to be 76 million/ mm j in the mon
key, 48 million/ mm j in the cat, and 100- 125 mi ll ion/ 
mm3 in the rat (13% of symmetrical synapses from a 
to tal population of 750- 950 million/ mm3 j Warren and 
Bedi , 1982; Peters , 1987). From these data, the num
ber of GABA( +) synapses per neuron can be esti
mated for these species. It transpires that an "average" 
neuron in the monkey visual cortex receives fewer 
GABA( +) synaptic contacts (660) than the cat (960) , 
or the rat (1250- 1560). A similar trend can be de· 
tec ted for the GABA( -) synapses. The monkey has 
the smallest number of GABA( -) synapses/neuron 
(3200), followed by the cat (4900) and the rat (1 1,000) . 
This suggests tha t an "average" ne uron in the monkey 
correx integrates fewer inputs, and may indicate a 
progressive specialization of neurons processing a re
stricted range of visual information. Assuming that 
each neuron represents a separate analytical channel, 
fewer inputs from differenr sources could increase the 
efficacy of the system, resulti ng in a speedier extrac
tion of more aspects of sensory information. However, 
in addition to the numbers , the localiza tion of the 
impi nging synapses on the recipient neuron may also 
contribUle to the characteristics of processing carried 
out by the cell. 

Postsynaptic Targets of Synaptic Terminals 
The distribu tion of the targets of GABA( +) synapses 
can predict quantitatively the sites of GABAergic in 
fluences in correx. It emerges that the major targets 
of GABA( +) synapses are dendritic shafts and spines, 
which together comprised 88% of the postsynaptic 
e lements. From this result , it is clear that most of the 
GABA inhibition in correx takes place on the den
dritic processes of the cells in interact ion with other 
inputs to the neuron. This is well illustrated by the 
find ing that about every fourth GABA( +) synapse was 
devoted to dendritic spines, receiving one exci tatory 
and one inhibitory synapse in most cases (e.g., Fig. 
2 C). Furrhermore , neuronal somata were only half as 
like ly to be targets of GABA( +) synapses as spines. 
GABA( -) synapses also targeted mainly dendritic 
spines and dendritic trunks, but these synapses were 
more often on dendritic spines rather than on den
dritic trunks. 

Neurons that contain GABA comprised 20% of all 
neurons in the striate cortex of monkey. If GABAergic 
and non ·GABAergic cells rece ived, on average, the 
same number of synapses from GABA( +) terminals, 
one wou ld expect that 20% of all postsynaptic ta rgets 
were also GABA ( +). Only 9.6% of GABA( +) synapses 
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targeted GABA( +) e lements [8.8% on GABA( +) den· 
drites and 0.8% on GABA( +) cell bodies]. This means 
that 14% o f the dendrites and 7% of 'he cell bodies 
being targeted by GABA( +) synapses were GABA( +). 
A similar calcu lation for GABA( -) synapses also 
showed fewer synapses on GABA( +) targets than ex· 
pected from the overall proportion of cells. Thus, 
either our method did not reveal all the GABAergic 
dendrites or, on average, GABAergic neurons re · 
ceived fewer synapses on their dendrires or cell bod · 
ies than did non·GABAergic cortical cells. These al· 
ternatives are currently under swdy. 
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