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Gamma-aminobutyric acid (GAllA), acting on type-A and type-B receptors, is the main 
inhibitory transmitter in the mammalian visual system. The organization of circuits, the 
localization of GABAergic synaptic terminals, and the expression of GABA

A 
receptors show 

selective distribution according to neuronal classes and visual channels. For example, it has 
been shown that in the dorsal lateral geniculate nucleus (dLGN) of the cat, a class of small 
relay cells, tentatively correlated with the "lagged" X cells, particularly strongly expresses the 
receptor complex. In the dLGN and in the cortex, the GABA

A 
receptor complex is present both 

at synaptic and at nonsynaptic sites in the plasma mem brane of neurons. It is suggested that 
this broad distribution enables the GABAergic system to keep the dynamic range of the 
postsynaptic cell optimal at widely varying intensities of excitatory drive. 

In the visual cortex GABAergic neurons show great diversity in their input and output 
selectivity and neurochemical characteristics, reflecting the different roles of subsets of cells 
using the same transmitter. The possible neuronal basis of two receptive-field properties, 
directional selectivity and end inhibition, is examined in light of new data on connectivity. 
Data are presented. for the hypothesis that the action of different cortical afferents involve 
subsets of GABAergic neurons selectively regulating the gain of particular inputs on common 
target cells. The requirements of the particular pathways and the separation of physiologi
cally different streams in the same pathway explain the diversity of GABAergic neuronal 
circuits. 

Introduction 

From retina to thalamus and then 
on to cortex, visual pathways use exci
tatory, chemically mediated synaptic 
signals for transmitting information. 

35 

From the first synapse established by 
the photoreceptors in the retina up to 
the last stage of visual perception, at 
each excitatory synaptic transfer, local 
GAB A-releasing elements gate and 
modify the responses evoked in the 
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postsynaptic cells by the excitatory 
signaL GABA acts pre- and postsynap
tically on at least two different recep
tors: GABA

B 
receptors gating Ca++ and! 

or K+ channels and GABA
A 

receptors 
gating Ct channels. Whatever the re
ceptor mechanism, the activation of 
GABA receptors leads to a reduced 
or substantially modified response in 
the postsynaptic cell to the excitatory 
signal. 

The structural organization of 
GAB A-containing circuits along the 
visual pathway has been extensively 
studied thanks to the availability of 
antibodies that selectively mark 
GABAergic neurons. The retina and 
the LGN are notable successes in the 
delineation of GABAergic circuits, 
while in the cortex the task has proved 
more complex than anticipated. The 
functional organization of GABA
mediated interactions has recently also 
been studied with a GABA

B 
receptor 

antagonist! and much more extensively 
with selective GABA

A 
antagonists.2 

Although in some cases it has been 
possible to correlate the action of GABA 
with a particular link in the circuit, 
in most situations GAB A-mediated 
events cannot be interpreted in terms of 
the structural framework. Nowhere is 
this more evident than in the visual 
cortex. 

Most information about the role of 
GABA along the visual pathway de
rives from pharmacological manipula
tion of the GABA A receptor. This re
ceptor and its endogenous agonist 
GABA have been implicated in such 
fundamental phenomena as center-sur
round inhibition,3 directional,4 and ori-

entation5 selectivity, and binocular in
teraction.6 While most, if not all, neu
rons express GABA

A 
receptors, the 

cellular and subcellular localization of 
the receptor is not well known. In an 
attempt to relate GABA

A 
receptor

mediated functional phenomena to cir
cuits that can be shown to contain 
GABA, we have begun the high resolu
tion immunocytochemical localization 
of the receptor complex in the visual 
pathway. In this paper, concentrating 
on the dorsal LGN and the visual cor
tex, I will summarize our on-going 
studies on the organization ofGABAer
gic circuits, present preliminary results 
on the distribution of the GABA re-

A 

ceptor complex, and discuss emerging 
principles that may help us to under
stand GABAergic mechanisms. 

Dorsal Lateral Geniculate 
Nucleus 

Origin and Role of G ABAergic In put 

GAB A-mediated inhibition in the 
LGN of the cat has been shown to play 
a major role in gating, modifying and 
preserving visual information from the 
retina.? Neurons in the LGN receive 
GABAergic input from axons of the 
perigeniculate nucleus, from axons of 
intrinsic neurons (both corresponding 
to the so called F 1 morphological class 
of terminal, Figure 1) and from presyn
aptic dendrites (corresponding to F2 
class of terminals, Figure 2) of these 
same intrinsic neurons.8 In vivo micro
electrode studies revealed the existence 



of optic-tract-activated inhibition, and 
combined electrophysiological and 
pharmacological studies using the 
GABA

A 
antagonist bicuculline demon

strated that, for example, binocular in
hibition,9 inhibition responsible for 
orientation bias,lO center-surround in
hibition,ll spatial frequency tuning dif
ferences of X and Y cells,12 and global 
lateral inhibition outside the antagonis
tic receptive field13 all involve GABA

A 

receptors. It is thus apparent that differ
ent types of cells can be recognized on 
the basis of properties that depend on 
GABA-mediated inhibitory influences. 
It is generally assumed that the differ
ences in response properties are brought 
about by variation in circuitry, but 
molecular distinction between the cell 
classes could also be responsible. We 
therefore studied the cellular and subcel
lular distribution of one of the main 
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Figure 1. Electron micrograph of a 
GABA-immunoreacted section from the 
dLGN of cat. An Fl-type terminal mak
ing a synaptic contact (arrow) with a relay 
cell dendrite (d), and another bouton 
(asterisk) are immunogold labeled, dem
onstrating the presence of GABA. Most 
Fl terminals originate from the perigen
iculate nucleus and from local axon termi
nals of GABAergic intemeurons. Scale: 
O.5J.lm. 

components of the inhibitory mecha
nism, the GABA/benzodiazepine re
ceptor/chloride channel complex.14 

Cellular and Subcellular Localization 
of Benzodiazepine/G ABA A Receptorl 
Cl- Channel Complex 

A monoclonal antibody bd-24, 
specific for an (X-su bunit of the receptor 
complex,15 and light- and electron
mi~roscopic immuno-peroxidase 
methods16 were used. 

Subcellular localization of the 
receptor complex. Immunoreactivity 
was always associated with membranes. 
Intracellularly the endoplasmic reticu
lum, the Golgi apparatus and multives
icular bodies showed immunoreactiv
ity representing respectively the bio
synthesis, glycosylation and degrada-
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Figure 2. Electron micrograph of a retinal terminal (ret) in the dLGN of cat making synapses with 
two ofthreeF2 terminals (open arrows) as well as with a relay cell dendrite (rd, lower small arrow). 
One of the F2 terminals also makes a synapse (upper arrow) with the same relay cell dendrite, 
closing a triadic arrangement. The F2 terminals originate from the dendrites of local GABAergic 
cells and are immunopositive for GABA as shown by the heavy immunogold labeling. Scale: 
O.5J.lm. 

tion of the protein (Figure 3). Presuma
bly, the degree of intracellular receptor 
immunoreactivity is positively corre
lated with receptor turnover. Extracel
lularly, receptor immunoreactivity was 
present on plasma membranes of den
drites and neuronal somata. We assume 
that the degree of immunoreactivity 
correlates positively with receptor 
density. Interestingly, the level of intra
cellular and plasma membrane im
munoreactivity is not well correlated in 
the dLGN. Thus some classes of neu
ron, such as large relay cells in the 
dLGN, can have strong immunoreac
tivity on their plasma membrane but 
negligible immunoreactivity intracel
lularly. 

Differential expression of the re
ceptor complex by different classes of 

neuron. In the dLGN of the cat physio
logically distinct cell populations can 
be delineated by size distribution of 
their somata,17 and it is known that local 
circuit neurons contain GABA while 
relay cells are GAB A-negative. When 
appropriate conditions were used to 
visualize individual cells, four classes 
could be recognized as defined by: (1) 
immunoreactivity for the GABA

A 
re

ceptor complex, (2) immunoreactivity 
for GABA, (3) area of somata, and (4) 
presence or absence of cellular lamellar 
bodies (CLB). 

1. GAB A-negative neurons with 
the smallest soma area showed the 
strongest immunoreactivity for the 
receptor complex, mainly in the endo
plasmic reticulum and also on the 
somatic plasma membrane (Figures 3 
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Figure 3. Immunoreactivity for the GABA
A 

receptor complex in the LGN of cat. Electron 
micrographs of relay cells, containing cytoplasmic lamellar bodies (db), and showing strong 
immunoreactivity in the endoplasmic reticulum (er) and along nonsynaptic plasma membrane 
(arrow heads) for the a-subunit of the receptor. Scales: O.5J.lm. 

and 4). These cells often seemed to 
occur in groups of three or four, and 
they could be observed in all three 
laminae of the dLGN. The majority of 
these neurons contained CLBs (Figure 
3). The reverse correlation was even 
stronger. Neurons having CLBs were 
almost invariabl y strongly immunoreac
tive for the a-subunit of the receptor 
complex. The somatic "area" of strong 
cells was 201 ± 56/l-m2 in laminae 
A-Al' 

This type of cell found by im
munostaining may correspond to the so 
called "lagged" X cells (X) studied 
recentl y for their physiological response 
properties. 18 They have a soma area dis
tribution almost identical to that of our 
strongl y receptor immunoposi ti ve cells 

(Figure 5). We calculated19 that in the A 
laminae of the LGN of the cat about 20 
percent of neurons may have XL proper
ties, the same proportion that is thought 
to contain CLBs,20 a prominent organ
elle in strongly receptor immunoposi
tive cells. In addition, CLB-containing 
cells also have soma size distribution 
(196 ± 25 .1/l-m2) similar21 to that of the 
XL cells (236 ± 66/l-m2)22 and strongly 
receptor-immunoreactive cells. 

The identifying property of XL 
neurons is that they show an early, short 
duration inhibition in their response to 
visual stimulus, and this is thought to be 
produced by intrageniculate inhibitory 
interneurons.18 The latency and dura
tion of inhibition is very similar to that 
of the short latency, short duration, Cl-
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Figure 4. Light micrographs of the A lamina of the dLGN of cat reacted for GABA
A 

receptor (A 
and C, a -subunit, 50J,.lm thick osmium-treated sections) and GABA (B, O.5j..lm thick sections). A 
and B show the same area. The strongly receptor-positive cells in A (oblique arrows) are GABA
negative in B. GABA-positive cells (horizontal arrows in B) show little immunoreactivity for the 
receptor. Some cells (asterisks in C) are outlined by receptor immunoreactivity and these are much 
larger than neighboring strongly immunoreactive cells (oblique arrows). A medium size cell (open 
arrow) shows no immunoreactivity. Scales: A and B, 50j..lm; C, lOj..lm. 

-dependen t and bicuculline-sensi ti ve 
GAB AA-inhibitory postsynaptic poten
tial (IPSP) described in the dLGN both 
in vivo23 and in vitro.24 Therefore, it 
seems reasonable to suggest that the dip 
in firing of XL cells is caused by the 
activation of GAB AA receptors. The 

strong immunoreactivity for the GABAA 
receptor of cells which have similar 
somatic size to XL cells, may underline 
the enhanced turnover and expression 
of the GABAA receptor as well as the 
greater sensitivity of these cells to 
GABAergic inhibition. 
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200 GABA-A receptor immunopositive cells in the LGN of cat 
A laminae 

Figure S. Somatic size distri
bution of GABAA recep
tor-positive neurons in com
parison to physiologically 
identified neurons published 
previously.22.91 Strongly 
immunopositive cells have 
similar size to lagged X cells 
while receptor outlined cells 
have sizes similar to larger Y 
cells. 
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2. Large, GAB A-negative cells 
were strongly immunoreactive on the 
plasma membrane, their somata and 
proximal dendrites outlined by recep
tor immunoreactivity (Figure 4). How
ever they showed scant, if any, intracel
lular immunoreactivity. Their somata 
were significantly larger (691 ± 
149Jlm2 in lam. A-AI) than those of the 
previous category of neuron (Figure 5), 
and CLB s were never observed in these 

I I I I 

1000 1200 

cells. These cells may correspond to 
physiologically identified medium and 
large Y cells. A similar large cell popu
lation has been marked by the mono
clonal antibody Cat-301.25 

3. Most other GAB A-negative 
cells showed no receptor immunoreac
tivity detectable by light microscopy. 
Electron microscopy also showed no or 
very weak immunoreactivity for the (J.

subunit detected under our conditions. 
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Figure 6. Synaptic and nonsynaptic GABA
A 

receptor immunoreactivity on dendrites (d). A. The 
synaptic junction (arrow) of an F-type terminal is immunopositive. B. The synaptic junction of an 
F terminal is immunonegative (arrow) but the non-junctional plasma membrane is immunoposi
tive (arrowheads). Scales: O.SJ.lm. 

They may correspond to the smaller 
Y -cell population and to the medium
sized possibly non-lagged X cells. 

4. GAB A-positive cells showed 
only weak intracellular immunoreac
tivity and negligible, if any, im
munoreactivity at the somatic and proxi
mal dendritic plasma membrane (Fig
ure 4). We have not found CLBs in 
GABA-positive cells. The very low 
levels of extracellular receptor on in
terneurons in the dLGN are consistent 
with the absence of short duration IPSPs 
following optic tract stimulation.26 

Although other explanations are pos
sible, this may indicate that neither ax
onal nor dendro-dendritic interaction 
between intemeurons involve GABA 

A 

receptors. 
Synaptic and nonsynaptic recep-

tor immunoreactivity. S urprisingl y, the 
receptor complex is present both at 
synaptic specializations and at non
junctional sites on the somatic and the 
dendritic membranes (Figure 6). One 
advantage of the LGN is that the origin 
of many pre- and postsynaptic elements 
can be identified with the use of 
electron microscopy. 27 This provides 
an opportunity for correlation of 
receptor distribution at the synaptic 
junctions with their origin and their 
chemistry. 

In the neuropil the dendrites of 
projection cells showed immunoreac
tivity on the plasma membrane both 
inside and outside the glomeruli. The 
synaptic junctions formed by many FI 
axonal varicosities, most of which have 
been shown to contain GABA,28 were 



immunOpOSlt1ve, as were junctions 
formed by GABAergic presynaptic 
dendrites (F2), establishing symmetri
cal synapses with dendrites of relay 
cells. Many axo-somatic Fl junctions 
were also immunoreactive. However, 
immunoreactivity for the receptor/chan
nel complex was also widely distrib
uted on nonsynaptic plasma n1embranes 
of somata and dendrites. The distribu
tion was not uniform even on the same 
cell, since synaptic junctions of retinal 
and so-called RSD (round vesicle dark, 
mostly cortical) boutons, which are not 
GABAergic, were almost without ex
ception immunonegative under our 
conditions. 

Neurons in the LGN are thought to 
receive synapses from the mostly 
GABAergic F terminals on or close to 
the cell body.29 The inhibitory input to 
X cells is thought to be predominantly 
of the F2 (presynaptic dendrite) type, 
forming triadic synaptic arrangements 
on dendritic appendages (see Figure 2). 
In addition some Fl terminal (axonal) 
input can also be found both on the 
somata and proximaldendrites.30 y cells 
which do not seem to receive F2 input 
have more F 1 terminals on or close to 
the son1a.31 Thus, the strong im
munoreactivity on the soma and proxi
mal dendritic mernbrane of the large 
receptor -outlined cells migh t reflect this 
larger somatic GABAergic input of Y 
cells. 

Conclusion. The degree and the 
mode of expression of the GABA

A
-

receptor complex is characteristic to 
neuronal classes of the dLG N. This 
could provide the basis for differential 
sensitivity to GAB A-mediated inhibi
tion and to GAB Aergic drugs, adding a 

Structure and Function of the Visual Cortex 43 

level of molecular specialization to the 
differences in retinal input and circuits. 
Together they provide the LGN cells 
with the machinery to produce the 
functional differences necessary for 
transmitting channel specific informa
tion. The possible functional signifi
cance of the widespread receptor 
distribution on the plasma membrane 
will be discussed later. 

Visual Cortex 

Connections of G ABAergic Neurons 

Approximatel y every fifth neuron 
and 15 percent of synaptic terminals in 
the visual cortex of cat synthesize 
GABA.32 Most of the GABAergic syn
apses are on dendritic shafts (58.1 per
cent), dendritic spines (26.2 percent), 
and much less on the somata (13.1 
percent) and axon initial segments (2.5 
percent) of neurons.33 The real sophis
tication of GABAergic circuits how
ever only becomes apparent when one 
studies the connections of single iden
tified GABAergic cells. Both GABA 
and its synthetic enzyme glutamate de
carboxylase (GAD) can be localized 
immunocytochemicall y. However im
munocytochemistry alone does not al
low the allocation of GABAergic bou
tons to any particular type of cell. To 
overcome this lin1itation we have de
veloped the combination ofimmunocy
tochemistry with Golgi impregnation 
and intracellular ionophoresis of horse
radish peroxidase (HRP),34 in order to 
visualize the dendritic and axonal 
arborizations of the GABA-containing 
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Figure 7. Postsynaptic target selectivity of identified GABAergic neurons in the striate cortex of 
cat. Note the absolute selectivity of chandelier cells for the axon initial segments and the substantial 
proportion of dendritic spines contacted by all other types of cell. The numerical density of thedif
ferent cells is not known, but the majority of all GABAergic synaptic contacts is on dendrites and 
spines. Data summarized from several studies.92 

cells. This approach enabled us to trace 
the efferent synaptic connections of 
identified types of GAB Aergic cortical 
cells and to evaluate their target selec
tivity (Figure 7). 

Neuronal diversity in cortex, as 
represented by differences in form, has 

been recognized by the great pioneers 
of cortical microcircuitry Ramon y 
Cajal, Lorente de No, Szentagothai and 
others.35 As predicted by them, the com
bined neurochemical and connectivity 
characterization outlined above re
vealed that subsets of neurons synthe-



sIzIng the same transmitter, namely 
GABA, have specialized synaptic con
nections. Only a few types of cell can be 
briefly mentioned here. 

Axo-axonic or chandelier cell. 
Discovered by Szentagothai,36 these 
neurons make synapses exclusively with 
the initial axon segments of pyramidal 
and some spiny stellate cells.37 Each 
cell terminates on 200-400 pyramidal 
cells and each pyramidal cell receives 
input from 3-5 GABAergic axo-axonic 
cells.38 This is the only cortical neuron 
for which reasonably accurate conver
gence and divergence figures are avail
able. Axo-axonic cells are ubiquitous 
in all cortical areas including the hip
pocampus39 and amygdala.40 Since they 
provide input to the initial segment of 
the axon where the axonally propa
gated action potentials are generated, 
they are in a most effective position to 
control the firing of pyramidal cells. 
The control of cortical output by a 
specialized GABAergic neuron acting 
on the action-potential generating site 
of pyran1idal cells is a unique feature of 
cortical circuitry. This system could 
have evolved in response to the other 
uniquely developed cortical feature: the 
extensive excitatory interconnections 
of the excitatory output cells. The chan
delier cells, because of the location of 
their synapses on the axon initial seg
ments, control the final common paths 
and so their action occurs after all the 
other inputs have been integrated by the 
output neurons. 

Basket cells. Basket cells have 
been major candidates as "the" 
GABAergic inhibitory cells in the cor
tex, and they were thought to terminate 
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in pericellular baskets on the somata.41 

Their selectivity has only been studied 
quantitatively in the visual cortex of 
cat, using physiologically recorded, in
tracellularly HRP-injected neurons.42 

Contrary to previous predictions, only 
about 20-40 percent of their synapses 
were on the somata of other neurons, 
the remainder contacting dendrites. 
Surprisingly, 20-40 percent of their 
synapses were on dendritic spines. 
Confirming strong indirect evidence, 
GABA has been demonstrated in their 
synaptic terminals43 (Figure 8). Inter
estingly, the supra- and infragranular 
pyramidal cells receive input from 
separate populations of basket cells, 
with axons running tangentially up to 
about one millimeter from the soma, 
but shorter range varieties also exist in 
the superficial layers. Layer 4 has a 
shorter range basket cell, the so-called 
clutch cell. Thus in the visual cortex of 
the cat at least a three-tier GABAergic 
neuronal system exists. In the monkey 
striate cortex the lamination is proba
bly even more complex; layer-selec
tive basket cells with different lateral 
territories could be stacked up in the 
same column.44 The laminar segrega
tion strongly implies that the functional 
properties brought about by basket-cell 
inhibition have to be produced or 
maintained at each level of cortical 
processing. 

A noteworthy feature of the bas
ket cells is that in addition to providing 
a significant input to somata, where 
their inhibitory effect would be nonse
lective, many of their synapses on 
dendritic shafts and spines would proba
bly inhibit strongly those inputs distal 
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to them.45 Most of the contacts on den
dritic shafts are close to the soma and 
thus the influence may be similar to the 
somatic contacts. The basket-cell syn
apses on spines are discussed below. 

GABA -containing neurons termi
nating mainly on dendritic shafts and 
spines. Preliminary examination of the 
targets of two other types of GABA
containing cells shows that they termi
nate only on small diameter, presuma
bly distal, dendritic shafts and on den
dritic spines.46 One of them is the so
called "neurogliaform cell" with a small 
spherical dendritic field and a dense 
axonal field arborizing sphericaUy in 
and around the dendri tes in a space 
around 300Jlm in diameter.47 The ax
onal boutons and synaptic contacts are 
very small. 

The other cell is the so-called 
"bitufted cell" with sparsely spiny 
dendrites oriented mainlyradially. The 
axon runs in arcades of collaterals 
loosely passing through several layers 
and forms large synaptic terminals. Both 
cells are numerous in the middle layers 
but neither their terminals nor their 
axons seem to respect laminar bounda
ries and, because their targets cannot be 
followed back to the parent cells, it is 
not known what governs the spatial 
distribution of their processes. 

Why n1ake inhibitory contacts on 
distal dendrites, and in particular on 
dendritic spines? These contacts may 
not affect the membrane potential at the 
level of the somata, but probably in
hibit excitatory input arriving at more 
distal location. In particular the 
GABAergic synapses located on the 
necks of spines may only affect the 

excitatory input received by the head of 
the same spine.48 The inhibition ex
erted by these cells would thus be the 
most selective, because excitatory 
postsynaptic potential (EPSP) gener
ated in more proximal dendrites or in 
dendrites not receiving input from the 
particular GABAergic cell will not be 
affected. 

Accepting this suggestion raises 
the question of why basket cells invest 
the same or more synaptic effort into 
selectively influencing spines as they 
do into the non-selective inhibition of 
somata. An attractive explanation for 
the more peripheral effect of basket 
cells, as well as for other spine-contact
ing GABAergic neurons, could be that 
they do not randomly pick spines, but 
selectively associate with spines that 
receive part of a particular excitatory 
input. This input would then be regu
lated by the given GABAergic neuron. 
During ontogenesis the location of 
inhibitory synapses may be stabilized 
according to their efficacy in interact
ing with the particular input. Thus, the 
effect of a basket-cell terminal, if it was 
paired with the right excitatory synapse 
on a spine, could be as effective as on 
the more proximal dendritic shaft. 

Input of GABAergic neurons. In 
order to understand the role of diversity 
in the termination of GAB Aergic neu
rons we should know under what con
ditions the particular neurons are acti
vated, that is, what is their input? Un
fortunately little information is avail
able on this point. Thalamic afferents 
have been shown to terminate on 
GABAergic neurons, which is not 
unexpected in light of reports that every 
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Figure 8. Immunogold demonstration of GABA in synaptic boutons of a large basket cell (A,B 
serial sections) and a clutch cell (C,D serial sections), both recorded intracellularly and filled with 
HRP by Kevan Martin and David Whitteridge in the striate cortex of cat. Sections Band D were 
immunoreacted. The selective distribution of electron-dense gold particles over the boutons dem
onstrates the presence of GAB A in them. The basket terminals make synapses (open arrows) with 
the soma of a pyramidal cell (P). Only about 13 percent of GABAergic synapses in the cortex are 
on the somata of neurons. The clutch-cell terminal makes a synapse with a spine (arrow) which also 
receives a synapse form another bouton (double arrow). About 25 percent of GABAergic synapses 
are on spines where they can modify the excitatory input coming to the same spine. Data from 
several studies.33

•
43 Scales: O.5J.1m. 
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cell within the tennination zone of 
geniculate axons can be activated mono
synaptically.49 A more surprising as
pect of thalamic tennination is that the 
few synapses that geniculate axons 
establish with neuronal son1ata are 
exclusively on GABAergic cells.50 The 
size and structural features of these 
neurons were very sin1ilar to basket and 
clutch cells, and it was proposed that 
their somatic input ensures high relia
bility of activation. Interestingly, the 
cells contacted by X-type thalamic af
ferents in the cat were significantly 
smaller than cells contacted by Y -type 
afferents, providing structural evidence 
that the two streams of visual afferents 
activate separate sets of inhibitory cells. 

There is another example of selec
tive innervation of a subpopulation of 
GABAergic neurons by subcortical 
afferents. It has been shown that some 
serotonin-containing fibers from the 
brain stem fonn pericellular nets in the 
cat cortex, establishing numerous syn
aptic contacts around some GABAer
gic neurons while ignoring others 
nearby.51 The serotonin-positive fibers 
also establish contacts with non
GABAergic neurons. 

It has been found recently that 
another subcortical system, afferents 
from the basal forebrain, some cholin
ergic,52 some GABAergic as shown by 
Freund and Gulyas,53 also heavily in
nervate GABAergic neurons. Cholin
ergic tenninals fonn synapses at least 
three times more frequently on GABA
containing cells than the overall popu
lation of synapses, although we do not 
yet know if these cholinoceptive cells 
are a subset of the GABAergic neurons. 

Most of the synaptic contacts in 
cortex are formed by local and interar
eal axons of spiny, excitatory cells, the 
pyramidal cells and spiny stellate cells. 
The question is, to what extent do these 
cortico-cortical pathways participate in 
the activation of local, GABAergic 
neurons? Most of the latter have few 
dendritic spines or none at all.54 Thus, 
on the one hand, if the main role of the 
spiny cell axons was the mono- and 
disynaptic activation of the target ar
eas, then one would expect most of the 
pyramidal axon boutons to give syn
apses onto dendritic spines of the re
cipient spiny, presumably also excita
tory, neurons. On the other hand, if the 
main role was the disynaptic inhibition 
of the target cell groups, then one would 
expect the pyramidal cell boutons to 
terminate mainly on dendritic shafts 
and somata of GAB A-containing in
hi bi tory neurons. 

Data about the local targets of 
HRP-filled pyramidal cells of layer III 
of cat striate cortex55 showed that the 
overwhelming majority of their termi
nals, both in layer III and in layer V, in 
the column of the cell as well as in the 
distant clumps, made synapses with 
spines of other pyramidal cells (Figure 
9). Of the few dendri tic shafts that were 
contacted, less than half were im
munoreactive for GABA and thus 
overall less than 5 percent of the targets 
belonged to inhibitory cells (Figure 9). 
These results, in agreement with other 
studies,56 suggest that the primary role 
of local as well as interareal axonal 
systems of spiny neurons is the activa
tion of other excitatory cells. The pro
portion of inhibitory cells may vary 
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POSTSYNAPTIC TARGETS OF LAYER 3 PYRAMIDAL 
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Figure 9. Quantitative distribution of synaptic connections of layer 3 pyramidal cells in the cat's 
striate cortex. The vast majority of synapses are on dendritic spines of other pyramidal cells. 
GAB A-positive dendrites of inhibitory cells are rarely contacted. Targets were similar in both 
layers 3 and 5, in the column of the parent cell as well as in distant clumps of terminals. Data based 
on a study by Kisvarday et ai.55 

depending on the role of the particular 
circuit. Layer 5 pyramidal cells may 
contact an even smaller proportion,57 
while some layer 6 pyramidal cells may 
contact a higher proportion of GAB Aer
gic targets58 (see also below). 

The sparse input from single py
ramidal cells to GAB A-containing cells 
suggests that these cells could be acti
vated only through a strong conver
gence of pyramidal cells. It is possible 
that this convergence takes place onto a 
select population of inhi bitory neurons, 
since distributing the few contacts to 
GAB Aergic cells randomly would make 
little impact. Which types ofGABAer
gic cell are involved in the corti co
cortical and local pyramidal connec
tions remains to be established. 

We have demonstrated directl y the 
presence of GABA in some of the tar-

gets of pyramidal cell collaterals, tha
lamic and other subcortical afferents in 
the visual cortex as discussed above. 
Indirect evidence indicates that, to dif
ferent degrees, all other cortical path
ways examined so far at the synaptic 
level may be connected in the same 
way.59 Thus, pathways in the cortex 
always contact both putative excitatory 
and inhibitory neurons and the latter 
can provide feedforward inhibition. This 
arrangement is highly suited for evolu
tionary change required for different 
tasks. By changing the proportion of 
input to GABAergic neurons and by 
differential placement of the excitatory 
and inhibitory synapses, the basic de
sign shows differences between spe
cies, areas and layers. The specializa
tion of different channels in afferent 
pathways, such as the different tha-
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lamic streams, or the addition of new 
cortico-cortical pathways,60 resulted in 
the modification of the basic plan to 
suit particular needs. Two processes, 
the separate use of subsets of inhibitory 
neurons by different afferent systems, 
and the modifications required by 
channel specialization molded the 
structural and functional diversity of 
GABAergic cells as we see them 
today (Figure 10). 

The Rules of Cortical GABAergic 
Circuits 

The following conclusions may 
help to guide future work: 

1. Most GABAergic-presumed in
hibitory synapses in cortex are on den
dritic shafts followed by dendritic 
spines, somata and axon initial seg
ments.33 This shows that most inhib
itory synapses are likely to interact 
selectively with other inputs converg
ing onto the same dendrites and spines. 

2. Different neuronal types, as 
shown by their form, have different 
target selectivity. Consequently differ
ent parts of cortical neurons receive 
separate inhibitory inputs from distinct 
sets of cells. 

3. Neurons with similar target 
selectivity may differentiate into layer
specific subtypes (such as basket cells), 
each providing input to a separate sub
set of cells in a column. 

4. Different functional streams use 
different subpopulations of the same 
cell type (see above the termination of 
X and Y axons in the cat). 

5. There are neurochemical differ
ences between subpopulations of 
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Figure 10. Schematic representation of the 
innervation of cortical neurons by subcortical 
and intracortical afferents (one-four). Accord
ing to the hypothesis different afferents termi
nate on different parts of the same cell and each 
afferent system uses subsets of GABAergic 
neurons, many of which terminate in associa
tion with the afferents. This associated termi
nation would make it possible for the GABAer
gic cells to regulate the gain of inputs selec
tively. Only few types of inhibitory cell would 
receive recurrent input from the efferent neu
rons as shown here for the basket cell. Natu
rally, the GABAergic neurons receive other 
input as well, which influences their activity 
relative to the afferent shown in the diagram. 
Axo-axonic or chandelier cells control the final 
output without interacting with other inputs to 
the pyramidal cells. 

GABAergic neurons. The first evidence 
for this conclusion came from the dem
onstration of cholecystokinin and so
matostatin-immunoreactive material in 



separate populations ofGABA-contain
ing cortical and hippocampal cells.61 

The presence of other neuroactive 
pep tides, the differential expression of 
cell surface molecules and Ca++ bind
ing proteins have been reviewed re
cently.62 We have also found differ
ences in GABA

A 
receptor expression 

(see below), and some GABA-contain
ing terminals also contain choline ace
tyltransferase, the enzyme synthesiz
ing ACh.52 These biochemical differ
ences demonstrate the molecular dif
ferentiation ofGABAergic subsystems. 

These conclusions, based on work 
carried out over the last several years, 
illustrate the changing concepts of the 
organization of cortical inhibitory cir
cuits. In place of the general and over
all inhibition, thought to be exerted on 
the soma and proximal dendrites of 
neurons, a new picture is emerging that 
shows multiple and selective influences, 
both on different parts of the same cells 
and on separate populations of cells, as 
summarized in Figure 10. 

Physiological Correlates of 
GABAergic Circuits 

Since every cortical cell receives 
GABAergic input, it is not surprising 
that the response properties of cells 
change if this input is not operating 
normally. However, due to the diver
sity of GABAergic neurons, it is diffi
cult to determine which particular 
GABAergic circuit is responsible for a 
property that depends on inhibition. 
For example, in spite of much attention 
devoted to the role of inhibition in the 
maintenance of cortical orientation 
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selectivity, little progress has been made 
with its explanation in terms of the 
known connections.63 

Directional selectivity. Basket 
cells, although forming only a portion 
ofGABAergic synapses, feature promi
nently in inhibitory schemes because of 
their relatively long tangential axonal 
spread, suitable for mediating lateral 
inhibition. Of all the possible functions 
of basket cells in the visual cortex, the 
maintenance of directional selectivity, 
through a mechanism proposed by 
Barlow and Lewick64 for the rabbit retina 
and for the cortex,65 is compatible with 
several of their structural features: 

1. Basket cells contain GABA and 
interference with GABAergic neuro
transmission abolishes, or reduces, di
rectional selectivity.66 

2. Directional selectivity is pro
duced by divisive type of inhibition,67 
and somatic inhibition has been pro
posed to be divisive.68 

3. Some basket cells have axons 
elongated in particular directions and 
running tangentially for up to a milli
meter from the soma. These tangen
tially oriented inhibitory projections 
may produce directional selectivity 
depending on the direction of stimulus 
sweep relative to the position of the 
dendritic tree and axonal elongation of 
the basket cell. 

4. Inactivation studies suggest that 
directional selectivity does not depend 
on interlaminar connections,69 but may 
depend on horizontal connections.70 The 
three-tier tangential basket-cell system 
suits such a requirement. 

5. Tangential mapping of direc
tional selectivity pattern in the visual 
cortex revealed isodirectional patches 
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1-2mm in extent and frequent shifts in 
preferred direction, with 1800 rever
sals.71 A system of basket-cell axons 
can provide this pattern, with reversals 
coinciding with the somata of basket
cell groups. Clearly it would be impor
tant to reconstruct the oriented axonal 
fields of basket cells in relation to the 
directional selectivity map in the same 
piece of cortex. The inhibitory mecha
nism would probably operate together 
with horizontal excitatory connections. 

End-inhibition. The most explicit 
hypothesis for the role of a circuit in the 
elaboration of a receptive-field prop
erty that depends on inhibitory interac
tions has been proposed by Charles 
Gilbert, Torsten Wiesel and their asso
ciates 72 for the length tuning of some 
cortical receptive fields. This property 
is of particular importance in light of 
our interests in this volume in trying to 
find the basis of neuronal mechanisms 
in visual perception. Length tuning or 
end-stopping has been proposed as the 
possible basis of curvature detection.73 

According to the hypothesis a long 
inhibitory receptive field is superim
posed by GABAergic neurons on the 
shorter excitatory receptive field of 
simple cells in layer 4. The inhibitory 
neurons in layer 4 are activated mainly 
by pyramidal cells from layer 6, which 
are known to have long receptive fields. 
One of the key structural bases of the 
hypothesis is that some layer 6 pyrami
dal cells have been shown to project 
selectively to layer 4 where they termi
nate mainly on dendritic shafts of pre
sumed inhibitory cells, in contrast to 
geniculate terminals which mainly ter
minate on dendritic spines of presumed 
excitatory cells.74 

We have tested this structural re
quirement for the implementation of 
end-inhibition in the cat' s visual cortex 
by determining the proportion of den
drites containing GABA amongst the 
targets of a simple cell situated in layer 
6.75 A post-embedding immunocyto
chemical procedure was used on elec
tron-microscopic sections of the syn
aptic contacts of the simple cell re
corded intracellularly and marked by 
HRP (Figure 11 ). We confirmed the 
results of McGuire et al.76 that the 
majority of targets were dendritic shafts, 
butonly about 14 percent of all postsyn
aptic targets, all dendritic shafts, con
tained GABA and therefore belonged 
to putative inhibitory neurons (Figure 
11). Therestofthe targets wereGABA
negative dendrites (56 percent) and 
dendritic spines (30 percent). Although 
our method may somewhat underesti
mate the proportion of targets belong
ing to inhibitory neurons,77 the results 
make it unlikely that GABAergic in
hibitory neurons would be the major 
target of the recurrent collateral axon 
system of pyramidal cells in layer 6. A 
more likely scenario is that most of the 
spines and dendritic shafts belong to 
layer 4 spiny excitatory cells, in line 
with the predominantly excitatory ef
fect attributed to the projection from 
layer 6 to layer 4.78 Nevertheless the 14 
percent of synapses given to GABAer
gic neurons is the highest found so far 
for any pathway in cortex (except the 
basal forebrain projection79), and more 
than three times higher than that found 
for the axon collaterals of pyramidal 
cells in layer 3.55 Thus, in addition to 
the monosynaptic excitation, an inhib
itory effect can be mediated by this link 
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Figure 11. Immunogold demonstration of GAB A in a dendrite (d) postsynaptic to the HRP-filled 
terminal (asterisk) of a layer 6 pyramidal cell. A and B are serial sections. The dendrite is in layer 
4 where most of the intracortical terminals of these layer 6 cells are found. The same dendrite 
receives other synapses as well (arrow heads). Colloidal gold particles on the dendrite and a bouton 
(b) in B demonstrate their GABA content. The layer 6 pyramidal cell had simple receptive-field 
properties. Micrographs courtesy of Dr. M. Antal. Scale: O.5J.1m. 

as proposed originally.72 However, end
inhibition may not be the only role for 
this pathway, since the same strong 
projection also exists from layer 6 to 
layer 4cB of the monkey striate cortex, 
where end-inhibition is not a prominent 
property of the receptive fields. 

The LGN has also been proposed 
as an alternative site for the generation 
of length tuning,80 by an inhibitory 
mechanism activated by input from 
cortex. Certainly cortical terminals 
originating from the same layer 6 cells 
that project to layer 4 are known to 
innervate local GABAergic cells in the 
LGN but, as in the cortex, they also 
directly innervate the excitatory relay 
cells.52 Thus the cortical and thalamic 

ends of the layer 6 cell projection seem 
to be similarly organized. 

These results are not necessarily 
contradictory. The same mechanisms 
may synergistically operate in both the 
LGN and the cortex. One might assume 
that the inhibitory cells have a higher 
threshold for activation and require con
verging input from many layer 6 cells. 
U sing a short bar as stimulus, both the 
recurrent cortical collaterals in layer 4 
and the terminals in the LGN would 
primarily exert background excitation 
to the excitatory neurons, providing 
positive feedback. Lengthening the bar 
would increasingly activate GABAer
gic inhibitory cells, either because more 
layer 6 input would reach then1, or 
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Figure 12. Quantitative distribution of synaptic connections of a layer 6 pyramidal cell with 
recurrent axons to layer 4 in the cat's striate cortex. The majority of synapses were on dendritic 
shafts and less on dendritic spines. Only a small proportion of dendrites were GABA-positive as 
detected by immunocytochemistry. In comparison with layer 3 pyramidal cells the proportion of 
inhibitory neurons as targets is higher (see Figure 9). Data courtesy of Dr. M. Antal, unpublished 
results.75 

because their input/response function 
rises more steeply than that of the exci
tatory cells. This hypothesis would 
basically keep both the cortical and the 
LON mechanism proposed for the 
generation of length tuning and in 
addition, would also take into account 
the predominant direct termination of 
layer 6 cells on putative excitatory 
neurons, as outlined here (Figure 12). 

Localization of GABA
A 

Receptors 

Whatever circuits produce inhibi
tion, some of the effect is mediated by 
the OABA

A 
receptors which can now 

be localized at the subcellular level. In 
the striate cortex of the cat, four mono
clonal antibodies to either the a,- (bd-
24, bd-28, 62-301) or the J3-subunit 
(bd-17) of the receptor complex were 
used to reveal intra- and extracellular 
receptor proteins.82 As in the LON, in
tracellularinununoreactivity was asso
ciated with the endoplasmic reticulum, 
Golgi apparatus and multivesicular 
bodies suggesting respectively the 
synthesis, glycosylation, and degrada
tion of the receptor complex. Extracel
lular immunoreactivity was associated 
with the plasma membrane of neuronal 
somata, dendritic shafts and spines. In 
the cortex, as elsewhere, the density of 
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Figure 13. Synaptic and nonsynaptic immunoreactivity for the GABA
A 

receptor complex in the 
striate cortex of cat. A. Two dendrites (d) are strongly immunopositive along their entire plasma 
membrane including two synaptic junctions (open arrows). n. Immunoreactivity for the receptor 
complex in the Golgi apparatus (G) of a pyramidal neuron (P) as well as along its plasma membrane 
both at the synaptic (open arrow) and at the non-junctional plasma membrane. Data.82 Scales: A, 
IJ.1m; B, O.5J.1m. 

immunoreactivity does not appear to be 
enhanced at presumed GABAergic 
synaptic junctions, and it also covers 
non-junctional plasma membrane 
(Figure 13)0 

Immunoreactive receptor density 
is highest in layer 4. Throughout the 
cortex different classes of neuron ex
press the receptor complex to different 
degrees. The highest density of recep
tor was found on the somatic and den
dritic plasma membrane of some 
GAB A-containing cells. Among these 
cells are the vast majority, if not all, of 

the largest GAB A-containing neuron. 
These resemble the large basket cells 
(see above) in dendritic and somatic 
features (Figure 14). Some medium and 
small GAB A-positive cells also show 
very strong receptor immuno-reactiv
ity. 

Some GAB A-negative cells, es
pecially in layer 4, show very strong 
intracellularreacti vity suggesting a high 
turnover of the protein. Some pyrami
dal cells in the infragranular layers also 
show above-average immunoreactiv
ity along the plasma membrane. How-
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ever, the majority of pyramidal cells in 
all layers show less immunoreactivity 
for the receptor complex than neigh
boring GABAergic neurons. The 
membranes of some dendritic spines 
were also immunoreactive irrespective 
of whether they received a presumed 
GABAergic synapse. 

The results predict differential sen
sitivity of different neuronal classes to 
GABA, which could act at both synap
tic and nonsynaptic receptor sites. In 
particular it should be ascertained 
whether the increased expression of the 
GABA

A 
receptor complex by large 

basket cells, which feature prominently 
in schemes of cortical inhibition, is 
accompanied by an increased sensitiv
ity to GABAergic inhibition. Basket 
cells do not seem to receive heavier 
GABA innervation than other types of 
cell. Thus here again, as in the LGN, 
receptor density differences rather than 
wiring may produce different physio
logical effects. Basket cells are the pri
mary candidates for producing lateral 
inhibition, and they act on proximal 
processes of neurons, probably evok
ing robust effects. A higher threshold 
of activation, produced by the high 
density of GABA receptor on their 
membrane providing tonic inhibition, 
may represent a mechanism for 
activation only at high level of cortical 
activity. 

Relationship of 
GABA-Releasing Terminals and 

G ABA A Receptors 

The most striking feature of the 10-

calization of the GABA
A 

receptor is 
that the receptor proteins are present 
not only at the synaptic junctions but 
also at non-junctional sites in every 
area of the brain examined so far. 16,82 As 
discussed previously,16,83 cross-reactiv
ity of the antibodies with membrane 
constituents other than the receptor 
complex is an unlikely explanation for 
our results. It is also improbable that the 
distribution results from a diffusion 
artifact inherent in the immunocyto
chemical method, because non-junc
tional plasma membrane is often im
munoreactive in the absence of any 
junctional reaction. The genuine non
junctionallocalization of the receptor 
complex is particularly evident on the 
somata of cerebellar granule cells where 
they never receive GABAergic syn
apses. 84 This is in agreement with the 
demonstration of functional, somatic 
GABA-gated Cl- channels demon
strated with the patch-clamp technique 
(Cull-Candy, personal communication). 

TheGABA-receptorcomplexmay 
be unusual amongst neurotransmitter 
receptors with regard to its localiza
tion. Electron microscopic studies of a 
closely related amino-acid-gated recep
tor/channel complex, the glycine re
ceptor, show that itis mainly associated 
with synaptic junctions.85 

The explanation for the wide
spread, extrasynaptic distribution of the 
receptor complex may lie in the general 
role of the GABA-gated Cl" channel as 
a regulator of the dynamic range of 
neurons. The synaptic and nonsynaptic 
receptors may be used under different 
levels of neuronal activity, providing a 
mechanism for adaptation. Cells proba-
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Figure 14. A large layer 3 neuron (asterisk) is strongly immunopositive for the GABA
A 

receptor 
complex (A, 50~m thick section), as well as forGABA (B, O.5~m thick section). The characteristics 
of this cell show that it is probably a large basket cell. Other cells (horizontal arrows) show no 
detectable immunoreactivity. The receptor immunoreactivity (arrow heads) was found along most 
of the cell's plasma membrane, including some synaptic junctions (open arrow) as shown in an 
electron micrograph in C. Intracellularly receptor immunoreactivity was found in the endoplasmic 
reticulum (er) and in multivesicular bodies (mvb). Scale: A, B, 10~m; C, O .5~m. 

bly receive some GABA at all times. At 
low levels of neuronal activity, GABA 
acting at the synaptic junctions pro
vides adequate inhibitory control of the 
neurons. The moderate amounts of 
GABA released can be removed by re
uptake or glial uptake86 without reach
ing the extrasynaptic sites and without 
causing desensitization of the recep
tors. However, at increased excitatory 
input, the number of channels operat
ing at the junctions either may not be 
adequate, or a substantial proportion of 
receptors may be desensitized87 and, as 
a result, synaptic receptors would not 
be able to keep the activity of the cell in 
the range of optimal sensitivity. Under 

these conditions channels at extrasyn
aptic sites would be opened by GABA 
diffusing from the release sites.88 Such 
lateral diffusion of transmi tter to recep
tors other than the ones facing the 
releasing terminal has already been 
proposed as the basis for synergism 
between simultaneously activated 
inhibitory synapses using glycine as 
the transmitter. 89 Extrasynaptic recep
tors may also be influenced by GABA 
released from glial cells under certain 
conditions.90 

One consequence of the hypo
thesis presented above is that the topog
raphy of GABAergic effects would 
primarily be regulated not by the pre-
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Figure 15. Schematic summary of the possible role of synaptic and extrasynaptic G ABA A receptors 
as regulators of the dynamic range of the postsynaptic cell's response. The interactions between 
excitatory and inhibitory input should not be linearly additive as simplified here. See text for detail. 

cise placement of receptors but by the 
precise placement of GAB A-releasing 
synaptic terminals and by the amount 
of GABA released. This could explain 
the great degree of spatial differentia
tion in the location of GABAergic 
synaptic terminals in stations of the 
visual pathway and particularly in the 
cortex. Another consequence of the 

hypothesis is that the neurons that pro
vide the GAB A-releasing terminals to 
a certain location on the postsynaptic 
cell should receive information about 
both the intensity of the excitatory input 
to that part of the neuron and about the 
resulting activity in the postsynaptic 
cell. Converging feedforward and feed
back connections with different gains 



could provide the GAB Aergic cells with 
the ability to release GABA in propor
tion to the efficacy of the excitatory 
drive reaching their target cells (see 
above and Figure 15). 

It is noteworthy that layer 4 of the 
primary visual cortex, which receives 
the majority of primary afferent syn
apses, shows the highest level of 
GABA

A 
receptors. Thus the GABAer

gic system, through the synaptic and, at 
increased excitatory input, through the 
non-junctional receptors, could not only 
set the activity of the individual cells 
but at the system level could also regu
late the activity of the cortical net by 
regulating cortical input via layer 4. 
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