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SUMMARY 

Gamma-aminobutyric acid (GABA) containing neurons were characterized in human association cortex 
by a combination of Golgi impregnation and immunohistochemistry. Neurons were Golgi impregnated, 
gold toned, drawn and then classified on the basis of their dendritic and axonal arborization in layers I - VI. 
An antiserum to GABA was used to determine which of the impregnated neurons were immunopositive. 
Twenty-four GABA-positive cells were Golgi impregnated: 7 were bitufted with their dendrites predominantly 
radially orientated, and 17 were multipolar stellate cells. Three of the multipolar cells with large somata 
in the deep showed dendritic patterns similar to previously described basket cells. Nine of the multipolar 
stellate cells in layers III - VI showed characteristics of 'neurogliaform' neurons (Raman y Cajal, 1899). 
The somata and the dendritic field of these cells were spherical, with diameters of about 10-15 /lm and 
200 /lm, respectively. Their dendrites were smooth and slightly beaded. The axon collaterals were densely 
distributed in and around the dendritic field, in a spherical area with a diameter of at least 300 /lm. 

The thin axon collaterals had only occasional 'en passant' swellings. Contacts between the axons of 
neurogliaform cells and the distal dendrites of Golgi-impregnated pyramidal cells were observed. Electron 
microscopic immunocytochemistry revealed that GABA immunopositive nerve terminals formed symmetric 
synaptic contacts with somata, with GABA immunonegative and immunopositive dendritic shafts and with 
dendritic spines. The results show that GABAergic neurons are heterogeneous with respect to their dendritic 
and axonal patterns. In addition to the chandelier and basket cells, which have been shown in animal studies 
to contain GABA, other cell types, most prominently the neurogliaform cells, terminating on the distal 
parts of neurons, also contain GABA and may have a inhibitory function. Many of the GABAergic terminals 
make synapses on dendritic spines and shafts in the human cerebral cortex. 

INTRODUCTION 

Golgi studies have demonstrated that the human neocortex, like that of other species, 
contains two major classes of neurons (Ram6n y Cajal, 1899, 1909; Poljakov, 1953; 
Shkolnik-Jarros, 1962; Marin-Padilla, 1969; Braak and Braak, 1985). The first group 
consists of cells which possess numerous spines on their dendrites and includes the 
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pyramidal cells and spiny stellate cells. Other cells have few or no spines on their 
dendrites. This latter category shows great variation in the shape and distribution of 
neuronal processes, with many varieties of neuron having been described on the basis 
of dendritic and axonal patterns (references as above). These aspiny neurons may have 
undergone differentiation during evolution, since smooth dendritic cells appear to form 
a more diverse population in primates than in lower species (Raman y Cajal, 1899; 
Lund, 1987; Lund et al., 1988). 

There is evidence from subhuman species that many of the neurons with smooth or 
sparsely spiny dendrites contain gamma-aminobutyric acid (GABA) (Somogyi and 
Hodgson, 1985) or glutamate decarboxylase (GAD), the enzyme which synthesizes 
GABA (Ribak, 1978; Hendrickson et al., 1981; Freund et al., 1983). The organization 
of GABAergic neurons is of interest because GABA has been shown to be the major 
inhibitory transmitter in the cortex, and malfunction of the GABAergic system has been 
implicated in neurological disorders associated with the cortex (Lloyd et al., 1984, 1985; 
Houser et al., 1986; Ribak et al., 1986; Chu et al., 1987; see also Bernasconi et al., 
1984). 

Very little is known about the neurochemical characteristics of any of the specific 
cell types in human cortex. The presence of GABA (Schiffmann et al., 1988) and several 
neuroactive peptides (Dawbarn et al., 1984; Chan-Palay et al., 1985; Mai et al., 1986; 
Chan-Palay, 1987; Sakamoto et al., 1987) have recently been demonstrated in 
nonpyramidal cells, some of which probably belonged to the aspiny cell category. 
However, the processes of individual cells are rarely revealed by immunohistochemical 
staining in sufficient detail for the correlation of the immunohistochemically visualized 
cells with those revealed previously with single cell staining methods. Therefore, for 
the characterization of neurons both in terms of their molecular composition and the 
distribution of their processes we have combined Golgi impregnation and 
immunocytochemistry of the same cells (Freund et al., 1983; Somogyi et al., 1985; 
Kisvarday et al., 1986b). Immunocytochemistry for GAD or GABA reveals the chemical 
nature of the cells, while the Golgi deposit demonstrates the processes, and provides 
a basis for the interpretation of the neuron's place in the network. 

This strategy has been applied here for the characterization of GABA-containing 
neurons. In particular we were interested to see if different types of GABAergic neurons 
could be identified on the basis of the distribution of their processes. The results show 
that in addition to cortical neurons such as chandelier cells (Somogyi et al., 1985) and 
basket cells (Somogyi and Soltesz, 1986; Kisvarday et al., 1987) which have been shown 
in animal studies to contain GABA, other cell types, with different axonal and dendritic 
patterns, also contain GABA. 

EXPERIMENT AL PROCEDURES 

Materials used in the present study were taken from biopsies of 4 patients with their informed consent. 
Two of them had temporal lobe epilepsy and had undergone temporal lobectomy. The superior temporal 
gyrus was examined. They were P.W., a 15-yr-old male and S.G., an elderly female of unknown age. 



One female patient M.E.C., 73-yr-old, had an olfactory grove meningioma and part of her anterior orbital 
gyrus was removed. The fourth patient, A.M., a 45-yr-old male, had a deep glioblastoma and his posterior 
orbital gyrus was removed. There is no reason to assume that the cortical tissue examined from the 2 
tumour cases was abnormal. In the temporal lobe patients the tissue showed no obvious of abnormality 
with any of the methods examined in the present study. All cell types were seen in all the areas examined, 
therefore the results will be described together. 

Tissue processing 

Cortical tissue blocks of about 4 x 4 x 6 mm were removed and washed free of blood in ice-cold oxygenated 
Tyrode solution for a few minutes. were transferred to a fixative containing glutaraldehyde (1.25 
or 2.5%, TAAB Laboratories), paraformaldehyde (1 or 4%, TAAB) and approximately 0.2 % picric acid, 
all made up in 0.1 M sodium phosphate buffer (PB), at pH 7.4. After 5-10 min the blocks were cut 
into thinner slices in order to enhance the penetration of the fixative. Immersion fixation continued for 
7 -15 h. After this the slices were extensively washed in 0.1 M phosphate buffer and processed for rapid 
Golgi impregnation as described earlier (Somogyi et al., 1981). Briefly, the blocks were treated with osmium 
tetroxide (0.5% in PB) for 2-6 h, and placed in 3.5% KZCrZ0 7 for 1-2 days. Alternatively they were 
placed in a solution containing 0.5% OS04 and 3.5% K2Cr20 7. Thereafter the blocks were immersed in 
0.5 -0.65% AgN03 overnight, followed by sectioning on a Sorvall TC-2 tissue chopper at 70-80 Jtm. 

Areas containing Golgi-impregnated cells were illuminated for 10 - 30 min under an illuminator device, 
followed by processing for gold toning (Fairen et aI., 1977) with modifications (Somogyi et al., 1981). 
The sections were dehydrated and then mounted on slides in resin (Durcupan ACM, Fluka). Golgi 
impregnated and gold toned neurons were then selected, drawn with the help of a drawing tube using x 100 
oil immersion objective. Most neurons were reconstructed from only one or two sections, therefore their 
processes cut at the surface of the sections are not represented. In some cases, however, dendrites were 
followed over 4 - 5 sections comprising about 300 - 350 Jtm thick slab of tissue. The selected neurons were 
also photographed in a light microscope. 

Postembedding GABA lmJrnuno,cytoCJfZernlstrv on semithin sections of Golgi impregnated neurons 

Small areas containing the selected neurons were reembedded in resin, and 0.5 or 1.0 Jtm semithin sections 
were cut from the cell bodies. The sections were mounted on chrome-alum gelatine-coated slides and 
processed for postembedding GABA immunostaining (GABA serum code No. 9; Hodgson et al., 1985) 
following a previously reported unlabelled antibody peroxidase-anti peroxidase procedure (Somogyi and 
Hodgson, 1985). The gold/silver precipitate marking the Golgi-impregnated cell appears as a thin rim 
of grey deposit along the somatic plasma membrane. The immunoreaction end product produced by 
peroxidase from the chromogen 3,3 '-diaminobenzidine appears as a brown deposit over the entire cell 
including the nucleus. The two precipitates are therefore easily distinguished on the basis of both colour 
and location. 

To assess method specificity some sections were incubated with antiserum to GABA that was preincubated 
with GABA conjugated to polyacrylamide beads (Hodgson et al., 1985). 

Postembedding GABA immunocytochemistry on electron microscopic sections 

The fine structural preservation of the Golgi material was not suitable for electron microscopic examination. 
In order to study the postsynaptic elements of GABAergic nerve terminals GABA immunoreactivity was 
studied in ultrathin sections of the temporal cortex by an immunogold method (Somogyi and Soltesz, 1986). 
Blocks fixed in a fixative containing 2.5 % glutaraldehyde and 0.5 % paraformaldehyde in 0.1 M PB at 
pH 7.4, were treated with OS04 and embedded in epoxy resin (Durcupan ACM, Fluka). Ultrathin sections 
were mounted on single slot formvar coated gold grids, and immunoreacted for GABA, IgG coated 
15 nm colloidal gold (Janssen Life Sciences) as the final marker. Immunopositive cells and terminals appear 
densely covered with gold particles. 

To assess method specificity some were incubated with antiserum to GABA that was preincubated 
with GABA conjugated to polyacrylamide beads (Hodgson et al., 1985). 



Layering of the cortex 

Specimens for this study were taken from different areas of the human cortex. Laminar boundaries of 
each cortical area were determined in 1 Ilm thick sections counterstained with a mixture of toluidine blue 
and Azur H. The layering of the cortex (fig. 1) was adopted from the work of Von Economo (1927). 
The layers of different cortical areas have different thickness. The location of each Golgi-impregnated 
cell was determined in relation to the nearest laminar boundary, and the cell was placed in the composite 
drawings according to its relative position to that boundary (figs 2, 3). 

RESULTS 

Controls 

There were no immunopositive neurons or dots in sections which were reacted with 
antiserum preincubated with solid phase conjugated GABA. In the immunogold series 
only a few scattered gold particles were observed in control sections, and there was 
no accumulation of gold over any cellular profile. 

GABA immunoreactivity in cortex 

U sing the peroxidase-anti peroxidase method and 3,3' -diaminobenzidine as chromogen, 
the immunopositive cells were dark brown. All layers contained immunopositive neuronal 
somata as assessed in semithin sections (fig. 1). Layers Il and upper III appeared to 
contain a higher density and smaller GABA-positive somata than the other layers (fig. 1). 
The white matter also contained a few elongated GABA-positive neurons. In addition 
to the labelling of neuronal cell bodies, the neuropil contained immunopositive fibres 
and puncta (figs 4, 6). Many of the latter corresponded to nerve terminals and were 
often seen to surround immunopositive and immunonegative cell bodies (fig. 6F, H). 
In some of the samples many glial cells showed weak immunoreactivity; in others glial 
cells were negative for GABA. 

Not all sections could be used; those from the middle of the blocks showed no 
immunoreactivity, and other sections showed uneven immunoreactivity due to the uneven 
penetration of the fixative into the tissue blocks. 

GABA immunostaining of Golgi impregnated cells 

The processes of GABA-positive cells were studied by Golgi impregnation. For 
technical reasons Golgi impregnation was performed first, therefore the processes of 
cells were drawn and photographed before the immunoreaction in order to keep a record 
of neurons before they were resectioned for immunocytochemistry. Altogether 51 
nonpyramidal neurons were tested for the presence of GABA. An additional 70-80 
Golgi-impregnated pyramidal cells had their cell bodies in the same sections and were 
thus also present in the immunoreacted sections. 

None of the Golgi-impregnated pyramidal cells were immunopositive (fig. 4A, B), 
and other unimpregnated pyramidal cells were also immunonegative. In contrast 24 
(N1-N24) of the Golgi-impregnated nonpyramidal cells were immunopositive for GABA 
(figs 2, 3, 4, 6). 



FIG.!' Distribution of GAB A-positive cells in the temporal cortex. A, light micrograph ofa 70 p'm Golgi impregnated, 
gold-toned section similar to those used for analysing impregnated cells. B, Nissl stained section from the same area 
used for delineation of laminar boundaries. c, GABA-immunoreacted 0.5 p.m section cut from a Golgi impregnated 
section similar to that shown in A. D, drawing of the same section shown in c . Each dot represents a GABA-positive 
neuronal cell body. Note the differences in the size and density of GABAergic cell bodies in different laminae. Bar, 
top left CA -c) = 200 p.m; wm = white matter. 

Any particular neuron can be immunonegative either because it does not synthesize 
GABA in detectable amounts, or because its GABA content was not preserved by our 
procedure. The lack of staining in itself cannot be used as evidence for the absence 
of GAB A in vivo in the immunonegative cells. In the following, therefore, only the 
immunopositive neurons will be described. 

On the basis of dendritic atborizations two broad categories of GABA-positive cells 
can be recognized. One group, known from previous Golgi studies as 'bitufted cells' , 
has predominantly radially orientated dendrites (i.e., direction of pia to white matter), 



often confined to a narrow column. The other group has a 'multipolar' dendritic field. 
Within both groups, but particularly in the latter, there are differences in soma and 
dendritic field size, in the number of dendrites and in axonal patterns. For some neurons 
only the soma and the dendrites were revealed (N1,2,6,1O,12,14,IS in fig. 2); the axons were 
probably not impregnated because of their myelin sheaths. While recognizing that only 
the characteristics of both axonal and dendritic patterns together allow the unequivocal 
identification of neuronal categories, for the purpose of presentation GABA-positive 
cells with common features are described together below. 

Bitufted cells (N3,5-11, fig. 2). They were all in layers Il-IV. Obviously 
heterogeneous in some size (9 15 p,m), they had the common feature of a predominantly 
radially oriented, elongated dendritic field. The somata were usually also radially 
elongated. The axonal branches, when they could be followed, also showed a 
predominantly radial course (NS,7,9)' An axon could originate from either the upper or 
the lower pole of the soma (N9 and N3, respectively), although some cells emitted 
axons from a major proximal dendritic shaft (NS,Il)' Dendrites of several cells had 
thorny protrusions or appendages (e. g., neurons N 8, Il), while other neurons exhibited 
beaded or smooth dendritic processes (e.g., N6,9,1O)' 

lArge multipolar cells (N12 .14,15, fig. 2). Three neurons had somata of 18-24 {tm 
diameter and few long dendrites, running up to 500 {tm from the soma. The dendrites 
were beaded and smooth, only 1 cell (N IS) having occasional protrusions. The axons 
were not impregnated beyond the axon initial segment and in 2 instances (N l4,lS) a thick 
myelin sheath could be recognized at the point when impregnation ceased. 

Neurogliaform cells (N16- 24, figs 3, 5, 6). Their name derives from Ram6n y Cajal 
(1899), and reflects the dense dendritic and axonal fields. These were the most frequently 
encountered nonpyramidal neurons in this materiaL Sixteen Golgi-impregnated 
neurogliaform cells were identified in the present material, 9 of which (N 16-24' fig. 3) 
were tested for the presence of GABA, and were found to be GABA-positive (fig. 6). 
These cells were found in layers III - VI, and their dendritic and axonal fields did not 
seem to respect laminar boundaries. 

The somata were mostly spherical and relatively small, 10-15 p,m in diameter 
(figs 3, 6). The main dendrites radiate from all parts of the soma and the primary dendrites 
tended to branch close to their origin. The dendritic fields were dense and spherical 
with a diameter of about 200-250 {tm. Occasionally individual dendrites terminated 
as far as 300 {tm (N I7 ,20,24, fig. 3). The dendrites were invariably smooth and lightly 
beaded (fig. 5). 

The axons of neurogliaform cells originated either from the soma or one of the main 
dendritic trunks (fig. 3). The main axons emitted collaterals dichotomously and the 
branches did not differ markedly from subsequent branches. The fine collaterals 
intermingled with the dendritic tree (fig. 5). The axonal fields were generally spherical 
and exceeded the dendritic fields, spreading to a size of up to 300-400 p,m in diameter. 
Individual axonal collaterals extended up to 500 {tm, suggesting that the axonal field 
could be larger than traced in our sections. A characteristic feature of the thin axon 
collaterals was their wavy, frequently changing course, interrupted by occasional straight 
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FIG. 2. Drawings of GABA-immunoreactive neurons. Dendritic and axonal arbors were revealed by Golgi impregnation. 
Only the dendrites and somata were impregnated of neurons N 1•2•6. 1O,12.14.15' For neurons N3 - 5,7-9,11,13 axons (arrows) 
were also revealed. Note the differences in somatic size, axonal and dendritic patterns. Bar = 100 tim. 
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FIG . 3. Drawings of GABA-positive neurogliaform neurons, demonstrating their axonal (red) and dendritic (black) 
arbors by Golgi impregnation (N I6 - 24). Bar = 100/Lm. 
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FIG. 4. Demonstration of GABA immunoreactivity in Golgi-impregnated cells. A, C, E and G are light micrographs 
of cells Nil' N2 , N 13 and N 15 (drawings are shown in fig. 2) taken from the 80 jlm gold-toned sections. B, D, F and 
Hare 0.5 jlm sections of the same cells processed for postembedding GABA immunostaining. The peroxidase reaction 
end product in the somata shows that these impregnated cells are GABA-positive. Other immunopositive (asterisks) 
and immunonegative somata (arrows) are also visible. A Golgi-impregnated pyramidal cell (p) is GABA-immunonegative, 
as demonstrated in A and B by the lack of reaction end product within the thin marginal gold deposit (B). A blood vessel 
(c) impregnated in G and H is marked. Bar (A - H, same magnification) = 20 jlm . 

stretches. The axons formed exclusively 'en passant' varicosities, which were infrequent 
and small, hardly thicker than the axon collaterals (fig. 5). The axonal branches of the 
Golgi impregnated neurogliaform cells were seen to be in direct contact with distal 
dendrites of Golgi-impregnated pyramids, but never with the somata of other neurons . 

Other GABA-positive neurons (NJ,2,4.13' fig. 2). These cells, while resembling 
previously reported neurons in primates, were not similar to those described above. 
They probably represent individual examples of cell types rarely found in our material. 
Two neurons were in layer I with contrasting features. One (NI) was the smallest 
multipolar GABA-positive cell with 8 {tm soma diameter and a dendritic field largely 
restricted to layer 1. The other neuron (N4) in layer I had larger somata and a 
horizontally orientated dendritic arborization, with an axon that also branches in layer 1. 
Only the dendrites of a neuron in layer II (N2) were impregnated. This neuron was not 
included into the bitufted category because its dendrites spread in a radial manner from 



FIG. 5. Light micrographs of a Golgi-impregnated neurogliaform cell (N 18' see also fig. 3) in layers IIIIII . Note the 
thin undulating axon collaterals (small arrows) with sparsely distributed varicosities (large arrows). Bars = 20/-tm . 

the cell body. One neuron (N 13, fig. 2) at the border of layers IV IV somewhat 
resembled the neurogliaform cells described above, but it had relatively few dendrites 
and these were densely covered with thorns and spine-like protrusions. The axon of 
this labelled neuron also had boutons on short stalks. 

GABA immunostaining of synaptic terminals. The poor fine structural preservation 
of the impregnated material did not allow direct studies on the synaptic connections 
of the Golgi labelled GABA -positive cells. Because the axons of bitufted and 
neurogliaform cells did not seem to contact the somata of other cortical neurons it is 
possible that these cells only contacted dendrites or spines in the neuropil. To examine 
this possibility the distribution of synapses established by GABA-positive boutons was 
studied in electron microscope sections. 

GABA-positive terminals were found in all layers and they established type II (Gray, 
1959), or symmetric synapses (fig. 7). The postsynaptic targets of GAB A immunoreactive 
terminals were identified on the basis of ultrastructural features in serial sections. Dendritic 
shafts were identified on the basis of the presence of mitochondria and ribosomes. 
Dendritic spines lacked mitochondria and a spine apparatus was often observed. The 
postsynaptic elements were neuronal soma, dendritic shafts, dendritic spines and rarely 
axon initial segments. Both major thick dendrites with 1-2 Jlm diameter and small 



FIG. 6. Demonstration of GABA immunoreactivity in Golgi-impregnated neurogliaform cells . A, c, E and G are light 
micrographs of cells N 19' N 20 , N 23 , N 18 and N21 in gold-toned thick sections (see drawings in fig. 3). B, D, F and 
H show the same cells in 0.5 {tm semithin sections following the postembedding GABA immunostaining. Unidentified 
GABA-positive neurons (asterisks) and some of the nonimmunoreactive neurons (arrows) are also indicated. Bar 
(A-H) = 20 {tm. 

FIG . 7. Electron microscopic immunogold demonstration of GABA in synaptic boutons in human temporal cortex . 
A dendritic spine (s) in A, and the dendritic shaft (d) in B receive synapses (solid arrows) from GABA-immunopositive 
terminals, as shown by the selective accumulation of gold particles. The GAB A-positive terminals established type 11 
(solid arrow), the GABA negative terminals establish type I synapses (open arrow), with the same postsynaptic structures. 
Bar (A, B) = 0.2 {tm. 



dendrites with less than 1 /lm diameter were seen to receive GABAergic synapses (fig. 7 A, 

B). In addition to the GABA terminals on dendritic shafts and spines, the same postsynaptic 
structures frequently received type I synapses from unlabelled terminals (fig. 7). 

DISCUSSION 

Characteristics of cortical GABAergic neurons 

In all cortical areas GABA is a major inhibitory transmitter (Krnjevic and Schwartz, 
1967; for reviews, see Krnjevic, 1984; AIger, 1985). As demonstrated in subhuman 
species most of the GABAergic neurons that contribute to cortical GABAergic innervation 
are localized within the cortex, and comprise between 15 and 25 % of cortical neurons 
(Ribak, 1978; Hendrickson et al., 1981; Gabbott and Somogyi, 1986; Fitzpatrick et al., 
1987; Hendry et al., 1987). Studies using radiolabelled GABA uptake (Hokfelt and 
Ljungdahl, 1972; Chronwall and Wolff, 1980; Hendry and Jones, 1981; Somogyi et al., 
1981), immunohistochemistry with antibodies to glutamate decarboxylase (GAD), the 
enzyme that synthesizes GABA (for review, see Houser et al., 1984), or using antibodies 
to GAB A itself (for review, see Ottersen and Storm-Mathisen, 1984) showed that both 
in primates and in subprimate species all GABAergic neurons are nonpyramidal cells. 
Nonpyramidal neurons have been described in great detail using Golgi inpregnation 
in the cortex of man (Raman y Cajal, 1899, 1909; Poljakov, 1953; Shkolnik-Jarros, 
1962; Seldon, 1981; Meyer, 1987), and animals (see e.g., Valverde, 1971; Lund, 1973; 
Szentagothai, 1973; Jones, 1975; Feldman and Peters, 1978; Peters and Regidor, 1981; 
Meyer, 1983). It has been demonstrated that they comprise a heterogeneous popUlation 
in terms of their synaptic connections (Somogyi, 1977; Peters and Fairen, 1978; Peters 
and Proskauer, 1980; Peters and Kimerer, 1981; Somogyi and Cowey, 1981; Kisvarday 
et al., 1985, 1986a, b; DeFelipe and Fairen, 1988), and therefore also in their position 
in the cortical network. It has also been shown in subhuman species that GABAergic 
interneurons are heterogeneous not only morphologically but also in their content of 
neuroactive peptides (Hendry et al., 1984; Somogyi et al., 1984) and cell surface 
molecules (for review, see Naegele et al., 1988). Some human nonpyramidal cells share 
glycosyl groups with GABAergic cells in other species (Nakagawa et al., 1986a, b). 

It has been difficult to correlate the neurons revealed in immunocytochemical studies 
with particular classes of neurons demonstrated by intracellular cell filling or 
impregnation. While immunostaining showed that there was a great variation in the 
size and shape of GAD and GABA immunopositive neuronal somata, their dendritic 
and axonal patterns were poorly revealed. Subsequently, using immunocytochemistry 
with antibodies to GABA in combination with other methods, it could be shown that 
the GABA-containing neurons are of distinct categories (Somogyi and Hodgson, 1985; 
Somogyi and Soltesz, 1986). In these studies, using Golgi impregnation or intracellular 
injection of horseradish peroxidase to visualize the processes of cells, it was shown 
that different classes of GABAergic neurons differ in their synaptic target selectivity. 
One variety of GABA- (Somogyi et al., 1985) and GAD-containing cell (Freund et al., 
1983), the so-called chandelier or axo-axonic cell, establishes synapses exclusively with 



the axon initial segments of pyramidal cells. In contrast two other classes of cells the 
large basket cells and clutch cells terminate on the somata, dendritic shafts and spines 
of their target neurons (Somogyi et al., 1983; Kisvarday et al., 1985; Somogyi and 
Soltesz, 1986). There are indications that further types of GABAergic neuron may also 
exist (Houser et al., 1984; Somogyi, 1986) but the synaptic targets of these neurons 
have not been examined quantitatively. 

GABA content of nonpyramidal cells in man 

Human cortical grey matter contains about 10 - 30 nmol of GAB A per mg protein 
(Perry et al., 1984), and both GAD (Schlander et al., 1987) and GABA (Schiffmann 
et al., 1988) have been demonstrated immunohistochemically in neurons of human 
cortical samples. The present study extends these reports by identifying GABA-containing 
cells with distinct axonal and dendritic arborizations. 

Bitufted cells similar to the GABA-positive ones shown in this study appear in many 
classical Golgi descriptions (Raman y Cajal, 1899, 1909; Poljakov, 1953; Shkolnik
Jarros, 1962; Seldon, 1981; Meyer, 1987). It is clear that the axonal arborizations of 
these neurons can have distinct forms suggesting that according to their output, bitufted 
cells can play different roles in the cortex. For example, the most selective cortical 
GABAergic neuron the chandelier cell with its terminal axon segments wrapping around 
the axons of pyramidal cells usually exhibits a radially orientated bitufted dendritic arbor 
both in animals (Szentagothai and Arbib, 1974; Fairen and Valverde, 1980; Somogyi 
et al., 1982), and particularly in man (Kisvarday et al., 1986a; De Carlos et al., 1987; 
Marin-Padilla, 1987). However, practically identical dendritic arbors can be found in 
cells with narrow radially orientated horse tail-shaped axons (Raman y Cajal, 1899; 
Szentagothai, 1969, 1973; Valverde, 1978; Meyer, 1983; Somogyi and Cowey, 1981). 
In the monkey's striate cortex at least 5 types of neuron showed bitufted dendritic patterns 
in the deep layers (Lund, 1987; Lund, et al., 1988) and others have been shown in 
the superficial layers (Lund, 1973; TombOl, 1978; Somogyi and Cowey, 1981; Valverde, 
1986). Because of the variety of axonal patterns it has been suggested that the descriptive 
name 'double bouquet' cell originally used by Raman y Cajal (1899, 1909) to refer 
to both dendritic and axonal patterns is reserved for cells with the narrow radial axon 
bundle (Somogyi and Cowey, 1981). Our sample of bitufted neurons included cells with 
relatively small axons and although many collaterals had a predominantly radial course, 
no definite subclasses could be identified. The similarity of dendritic patterns presumably 
shows common inputs. 

Multipolar or stellate cells with smooth or sparsely spiny dendrites do not differ 
markedly in the human cerebral cortex from various neurons described in other species 
(see Szenmgothai, 1973; Jones, 1975; Fairen et al., 1984; Peters and Saint Marie, 1984). 
The GABA-positive multipolar cell category also exhibits large variation in soma size 
and dendritic pattern. In the deep layers the size of the cell bodies increases noticeably, 
with large multipolar stellate cells in layers V and VI which are similar in size to those 
multipolar cells described in the cat (Meyer, 1983; Kisvarday et al., 1987), monkey 
(Lund, 1973, type I cells of Jones, 1975; Szentagothai, 1975; DeFelipe et al., 1986) 



and man (Marin-Padilla, 1969; Marin-Padilla and Stibitz, 1974; Meyer, 1987) as basket 
cells. Although the initial axon segments of these large stellate cells were clearly visible, 
the axons could not be revealed by impregnation, indicating that these cells have 
myelinated axons. Basket cells have indeed been shown to contain GABA and to have 
large diameter myelinated axons in the visual cortex of the cat (Somogyi et al., 1983; 
Kisvarday et al., 1987). The difficulty of relating the smaller GABA-positive multipolar 
cells to particular classes of neuron is again a consequence of the lack of knowledge 
about input/output criteria, e.g., their synaptic targets. 

Neuroglia/orm or spiderweb cells can be recognized and they were named so by Raman 
y Cajal (1899) who called them 'cellules neurogliforme', or 'araneiforme' because of 
their distinctive dendritic and axonal arborization. Recently Meyer (1987) described 
them in the human motor cortex. Here we provide evidence that they are GABAergic. 
Similar cortical cells have been described as 'type 5 cells' (Jones, 1975), 'neurogliaform 
cells with dense dendritic arborisation' (Szentagothai, 1973) and 'spine-free stellate 
neurons type d' (Lund et al., 1981) in primates, 'smooth spherical multipolar neurons' 
(Peters and Regidor, 1981) and 'multipolar neurons of layers II -V with neurogliaform 
axonal plexus' (Meyer, 1983) in the cat. While Cajal' s original terms illustrate the 
appearance of the cell vividly, the later used terms are somewhat cumbersome, therefore 
we refer to them simply as neurogliaform cells. 

Recently J ones (1984) reviewed the literature on neurogliaform cells including the 
'granular' or 'clewed cells' described by Valverde (1971) in layer IV of the monkey's 
striate cortex. However, this particular class of smooth dendritic cell has been shown 
to have properties distinct from the neurogliaform cells (Lund, 1973, 1987; Kisvarday 
et al., 1986b). The most prominent feature of cells in layer IV is that the axons have 
large densely packed, bulbous boutons while neurogliaform cells have small and 
infrequent varicosities. The axons of cells in layer IV frequently contact somata while 
this has not been seen for neurogliaform cells. On the basis of the electron microscopic 
analysis of synaptic targets in both cat and monkey (Kisvarday et al., 1985, 1986b) 
it has been shown that the particular type of cell in layer IV is a subclass of basket 
cells and we used the term 'clutch cell' to delineate these neurons (Kisvarday et al., 
1985, 1986b). 

Role of GABAergic neurons 

Physiological and pharmacological studies demonstrate an inhibitory effect of GABA 
on cortical cells (Krnjevic and Schwartz, 1967; for review, see Krnjevic, 1984). 
Depending on the site where GABA is released onto the postsynaptic cell, the inhibition 
probably has different effects on the information processing capacity of the cell 
(Blomfield, 1974; Koch et al., 1982, 1983; Sillito, 1984). Thus it has been speculated 
that according to their axonal terminations, particular GABAergic cells play distinct 
roles in cortex (Martin, 1984; Somogyi and Martin, 1985). For example, termination 
on the axon initial segment of pyramidal neurons suggests GABAergic effects on the 
action potential generation and cortical output. Termination on the somata and proximal 
dendrites suggests an effect that is probably more graded than the former site but would 



still be relatively unselective, since inputs to most of the dendritic tree would be affected 
by somatic inhibition. In contrast, inhibitory input to distal dendrites would interact 
with other inputs arriving on the same dendrite only (Blomfield, 1974; Koch et al., 
1982, 1983). This could provide the basis for very selective inhibitory influences. 

As predicted by light microscopic analysis, most types of cortical nonpyramidal cells 
do not seem to contribute to somatic GABAergic input (Somogyi and Cowey, 1981; 
Somogyi, 1986; DeFelipe and Fairen, 1988). For some nonpyramidal cells somatic 
termination was predicted, and subsequent electron microscopic analysis confirmed 
significant input to the somatic region of their target cells (DeFelipe and Fairen, 1982; 
Martin et al., 1983; Kisvarday et al., 1985). In the present study none of the 17 
GABAergic cells that had impregnated axons seemed to terminate on the somata of cortical 
cells. This shows that the human cortex also has a large number and several varieties 
of cortical cells which contain GABA and which terminate on the distal regions of the 
dendritic tree. Indeed our electron microscopic analysis of GABAergic nerve terminals 
demonstrated that small dendritic shafts and dendritic spines are frequent targets of 
GABAergic synapses. These postsynaptic targets also received synapses from non
GABAergic boutons making type 1 synapses, many of which, such as those originating 
from thalamic and corticocortical cells, are known to be excitatory. The GABAergic 
terminals may be placed near the excitatory inputs to regulate their strength and temporal 
properties. Thus it is reasonable to assume that the inhibitory effect of neurogliaform 
cells would be selective on specific excitatory input(s). 

The effect of GABA on the postsynaptic cells depends on the distribution of GABA 
receptors. Both GABA-A and GABA-B receptor binding sites have been demonstrated 
in human cortex (Chu et al., 1987; Cross et al., 1988), but their distribution on the 
postsynaptic cells is not known. High resolution immunocytochemical studies in other 
species (Somogyi et al., 1989) and also in the human cortex (personal unpublished 
observations) show that the GABA-A/benzodiazepine receptor/chloride channel complex 
is localized not only at the synaptic junctions but also on the nonjunctional plasma 
membrane of neuronal somata, dendrites and dendritic spines. At first sight it appears 
paradoxical that GABAergic neurons are discriminating in their target selection with 
regard to the part of the neuronal surface that they innervate, while one of the receptors 
for GAB A is distributed on the whole somatodendritic membrane. One way of resolving 
this paradox is by assuming that the density of receptors at the synaptic junction is not 
sufficient for achieving the required inhibitory effect in the full range of operation. At 
an increased level of excitatory input inhibition is increased by the increased release 
of GABA from synaptic terminals, and this could activate both junctional and 
nonjunctional receptors. This mechanism would ensure that the dynamic range of the 
neuron was kept in an optimal domain. The GABAergic terminals would need to be 
placed specifically in the appropriate positions to influence selectively only certain inputs. 
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