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INTRODUCTION 

The early models of cortical organization did not emphasize inhibitory mech
anisms, and suggested that specific excitatory connections were sufficient for 
properties like orientation tuning (Hubel and Wiesel, 1962). Following the 

of end-inhibition on some fields see Hubel 
Wiesel, 965), inhibitory cells were introduced as neuronal components 

the selective properties of cells. More work 
intracellular recording (Benevento, Creutzfeldt and Kuhnt, 1972) or pharma
cological agents (Rose and Blakemore, 1974; Sillito, 1975, 1977, 1979; Sillito 
et al., 1980; Sillito and Versiani, 1977) have shown that most, if not all, 

properties produced or augmented by inhibitory 
processes. The inhibitory cells must therefore form the the columnar 

of functional properties visual cortex and Wiesel, 
1963). GABA (-y-aminobutyric acid) is the most likely candidate for the 
inhibitory transmitter (Krnjevic and Schwartz, 1967; Ribak, 1978; Sillito, 
1975) and there is strong evidence that it is contained in the cells with smooth 
dendriles hat have proposed as inhibitory interneurons (Freund 
at" Ribak, Somogyi et Somogyi, 1984). 

of inhibitory in the cortex small, perhaps 20 per cen!. 
yet there are a great variety of forms (Lorente de No, 1949; O'Leary, 
1941; Peters and Regidor, 1981; Ram6n y Cajal, 1911; Szentagothai, 1973), 
suggesting a diversity of function. 

The principal reasons for using inhibitory mechanisms rather than excil-
atory mechanisms for producing RF may be twofold. First. 
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system becomes [nore flexible. Differc inhibitory systems superimposed 
the basic of excitation produce quile different patlerns 
of output. Thus, as new demands are made on the processing system. further 
inhibitory systems could evolve. Ramon y Cajal (1911) has commented on 
the increase through the phyla the number of smoolh celllypes 
in the neocortex. with man the greatest proportion. However. putative 
inhibitory cells form only about 10 to 20 per cenl of the total cells in tl1C 

cortex (Martin and Whitteridge, 1984; Tbmb61. 1974; Winfield. Gatter and 
Powel!. 1980), so the number of additional cells used for additional funclions 
remams relatively small. 

A second and related reason for uSing an inhibitory syslem i:. that kWCI 

demands on the specificity of connections are required for each cell if inhibi
tory processes etch out specific RF properties from a general pool of exci-
tation each In this rnanner the inhibitory curves n be 
(as been found by Benevento. Creutzfeldt Kuhnt. I ,Morrone, 
Burr and Maffei, 1982; Orban. Kato and Bishop. 1979: Sillito. 1979) and yet 
produce highly selective RF characteristics. To achieve the same degree of 
selectivity sole excitalory connections would greal demands 
the of intercolumnar eXCltalory conncctions that form a 
fraction of the intracortical connections. By requiring only a generalized 
excitation of the cell, only the minimum number of excilatory synapses would 
be necessary, whereas seleetivity solely excitalory connections 
would require more connections achieve specific rns of 
ator} input. 

TIIEORETICAL CONSIDERATIONS 

As has been emphasized by theoretical work (Blomfield, 1974; Jack, Noble 
and Tsien, 1975; Koch and Poggio, 1983), the position of the inhibilory input 
onlo single neuron is an important factor in delermining Ihe net response 
of the cell. If excitation amVI on the 11 to bebited, 
the optimum pOSitIOn for locating the mhibitory synapses is on the cell soma 
and axon initial segment. However, if a specific input is to be inhibited, then 
the optimum location for the inhibitory synapses is just proximal to the 
excilatory input. 'fhe more dlstal the location thiS excitalOrylinhibilory 
combination on the dendrites, the more specific will be its effecl (J ack, Noble 
and Tsien, 1975), Dendritic spines may also receive an inhibitory input that 
will have its major effect on the single excitawry synapse on the same spine. 
It has been emphasized thal different operations can carried 
by particular interactions of excitatory and inhibitory inputs to 
dendritic tree (Diamond. Gray and Yasargil, 1970; Jack, Noble and Tsien, 
1975; Koch and Poggio, 1983). Obviously, the output of any single 
inhi pair will have little effect on paten! the 
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Only the net result of hundreds of such local interactIOns wlil determine 
whether the cell fires or not. In addition, the operations carried out on the 
dislal portions of Ihe dendrites may further modulated events occlIrring 
more proximally, especially around the soma and axon hillock region. 
Blomfield (1974) has emphasized one further aspect of the location of inhibi
tory synapses: the inhibitory conductances , then inhibitory 
synapses located at the soma will produce a division-like change in the cell's 
response, whereas inhibitory synapses located on the dendrites will produce 
a subtractive change in response. 

Thus in assessing the significance of a particular type of inhibitory neuron 
it is essentiai as first to identify the particular location of the synapses 
on its postsynaptic target. In attempting to apply these theories to cortical 
organization, one must appreciate that there are only a few instances where 
the synaptology of the putative inhibitory cells has been examined. The 
studies described below show that there are very marked differences in the 
postsynaptic targets of different cell Iypes. 

THE SYNAPTIC CONNECTIONS MAiJE BY THE AXONS OF 
PUTATIVE INHIBITORY CELLS IN THE CAT 

The Axo-axonic cell 

The axo-axonic cell, so named because it forms synapses on the initial 
segment the axon of pyramidal cells (Somogyi, 1977, 1979), is the most 
selective of the putative inhibitory cells in its choice of postsynaptic target. 
Although the physiological properties of the axo-axonic cells are not known, 
there is now direct evidence Ihat terminal boutons of the axo-axonic 
cell contain the synthesizing enzyme for GABA, glutamate decarboxylase 
(GAD), thal this is probably inhibitory in function (Freund et 
al., 1983). About five axo-axonic cells converge on a single pyramidal cell 
axon. and single axo-axonic cell may contact several hundred pyramidal 
cells (Sornogyi, Freund and Cowey, 1982). The axo-axonic cell seems to 
provide the bulk of its innervation to pyramidal cells in the superficial layers 
of cortex (Frcund al., I . Somogyi. Freund and Cowey, 1982). Since 
these pyramidal neurons provide most of the corticocortical connections it has 
been suggested that the axo-axonic cell controls the transfer information 
between different cortical areas (Peters, Proskauer and Ribak. 1982; 
SomogyL Hodgson and Smith. 1979). This may not be their only role since 
many of pyramidal cells to other cortical areas also provide 
substantial collateral input to the deep layers of the same cortical area (Martin 
and Somogyi, Chapter 53 in Ihis volume) Inhibition the outpul the 
pyramidal cells of the superficIal layers could then markedly affect the activity 
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of cells in the deep layers and hence the output (0 subcortical regions. 
Thus, given the appropriate input, the axo-axonic cells could provide a most 
effective control of the output of projection If this control were 
applied selectively specific regions, it provide a the 
mechanism selecllve attention 

If the cortex uses positive feedback circuits (the pyramidal cells oi layer 6 
that project to layer 4 and the LGN may be one such example) then it may 
be necessary to insert inhibitory cells as governors to prevent epileptiform 
activity being initiated by positive feedback. If the axo-axonic cell had a 
relatively Ihreshold for then it a suitable candidate 

such an cell aI., 1983) Physiological has 
been obtained for the presence an inhibitory mechanism that operates 
only at high levels of discharge of pyramidal cells (Sillito, 1979). 

The Basket cell 

main input the soma of comes from large 
basket cell ( et al., , Martin, and Whitteridge. 983; 
Somogyi et al., 1983b), although one other cell has now been found which 
provides somatic input to pyramidal cells (Kisvarday et aI., in preparation; 
see below). The evidence that the basket cells are GABAergic is indirect, 

the finding most if not the boutons providing somatic synapses 
pyramidal contain GAD strongly of their role 

(Freund et al.. . So far basket the superficial layers 
have been investigated in detail at the electron microscopic (EM) level. but 
our observations of the basket cells of layer 5 suggest they have similar 
postsynaptic targets. The synapses of the basket cell are concentrated on the 
soma (30 to 4U cent. of the cell's and proximal dendritic 
shafts (24 per of pyramidal . This location the synapses suggests 

their action produce diVISion-like changes the cells response Two 
RF properties, orientation tuning and directionahty, have been examined for 
this purpose (Dean, Hess and Tolhurst, 1980; Morrone Burr and Maffei, 
1982; Rose, 1977). In both instances increasing amounts of inhibition produce 
division-like changes in the cell's firing rate, suggesting that the relevant 
inhibitory synapses are positioned around the regIOn cell 

may therefore have the cells as their . We have 
that different subsets of basket cells may be involved in producing many of 
the specific RF properties, like orientation tuning, directionality, binocular 
depth tuning and end-inhibition, that are known to be under inhibitory 
control (Martin, Somogyi and Whitteridge, 1983; Somogyi et al., 1983b). 
"rhis is because to generate properties 

becomes same set of cells are 
rinal common mechanism~. for 
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cells to use the same subset of inhibitory cells lor those properties they have 
in common (e g. end-inhibition). but would obviously have to use different 
inhibitory cells for generating dissimilar properties (e.g. different onentauon 
se Icctivilies) 

The axon ot the basket cell does not contact every pyramidal cell in the 
region occupied by its axon Instead it appears 10 pick oul columns of 
pyramidal cells located in small patches of cortex. Thus although the axon 
covers about 1.5 mm of cortex in the anteroposterior and mediolateral dimen
sions (the largest tangential spread of any smooth type so far encountered), 
only about 200 to 300 pyramidal cells are contacted by a single basket cell 
(Kisvarday et aI., 1983; Martin, Somogyi and Whitteridge, 1983; Somogyi et 
al., 1983b). Each basket cell only provides about four or five of the synapses 
(about 5 to 10 per cent. of the total somatic input) on the soma of a pyramidal 
cell. If, as we have suggested (Martin and Somogyi, Chapter 53 this volume), 
100 to 300 active excitatory synapses are required to bring the cell to thres
hold for firing, then it seems unlikely that the input of a single basket cell 
would be sufficient to produce a significant reduction in the response of 
the target cell, even if the inhibition is producing a shunt rather than a 
hyperpolarization of the membrane (Jack, Noble and Tsien, 1975). Thus 
controlling the pyramidal cell output by basket cell inhibition may require 
the coordinated action of several basket cells. 

The basket cells also provide a substantial input to dendritic spines (20 per 
cent. of basket cell synapses; Somogyi et al., 1983b). An inhibitory input to 
a spine probably has a very localized effect on the excitatory input (Jack, 
Noble and Tsien, 1975) and that effect will be subtraetive. As yet a subtractive 
change in firing rate has not been related to a specific RF property. but the 
localized nature of spine inhibition suggests that a specific excitatory pathway 
is being inhibited by the basket cell input to the spines. 

The Clutch cell 

The other cell that gives a strong somatic input to its postsynaptic targets is 
located in layer 4. It is multipolar cell (Martin, Somogyi and Whitteridge, 
1983) which we have called a 'clutch' cell. Although the general distribution 
of its synapscs between soma and dendrites similar that of the large 
basket cell, its axon is very much more restricted than that of the basket 
cell. Unlike the basket cell. major portion of axonal arborization of 
the clutch cell is in layer 4 and it probably lJl:'\kes synapses on many spiny 
stellate cells Some collaterals of the dutch cell extend into lower layer 3 
and into layer 5 and synapse on pyramidal cells (Kisvarday et al., in prep
aration) Many of Ihe spiny cells layer 4A have widespread connections 
to other layers (Martin, 1984). Thus an inhibitory cell with a localized axon 
system within layer 4, such as clutch cell. could have Widespread 
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influence. The much morc extensIve collateral system of the basket cells in 
deep .and superficial layers may in part be required to inhibit cells with a 
common excitatory source in layer 4. 

Physiologically the clutch cells and the basket cells Clre heterogenous 
(Martin, Somogyi and Whitteridge. 1983). They can have either S- or C-Iype 
RFs and be activated monosynaptically or polysynaptIcally by X- or Y -lIke 
LGN afferents. In addition. two basket cells with RFs near the verllcal 
meridian were driven by callosal afferents. This heterogeneity of RF type 
and serial position is not surprising. given that the cortex may be organized 
in a parallel fashion and thal similar inhibitory processes act on different 
parallel paths at all levels. 

The Double Bouquet cell 

The fourth putative inhibitory cell whose synaptology has been investigated 
the cat is the double bouquet cell (Somogyi and Cowey, 1981, 1984). 

While the three types described above concentrate their input at the periso
matic region of spiny cells, the double bouquet cell shows Just the opposite 
trend The vast majority of contacts it makes are onto srnall- or medium-sized 
dendritic shafts of non-pyramidal cells that may themselves be inhibitory. As 
has been pointed out (Somogyi and Cowey, 1981, 1984), this would provide 

mechanism for the disinhibition seen in physiological studies. However, 
disinhibition may nol be the primary role of the cell. It has been found 
(Ma~tin, Somogyi and Whitteridge, 1983) that the tuning curves and RF 
properties of putative inhibitory cells are qualitatively no different from those 
of the pyramidal and spiny stellate cells. Since the RF properties of the 
inhibitory cells are presumably also produced by inhibition, it is inevitable 
that they should themselves receive an inhibitory input and that this would 
produce the disinhibition effect seen using electrical stimulation. The conver
gence of a number of inhibitory cells with different RF properties probably 
accounts for the broad inhibitory curves that have been found (Burr, 
Morrone and Maffei, 1981). 

Although both the basket and the clutch cell also contact putative inhibi
tory cells (Kisvarday aI., in preparation; Martm, Somogyi and Whiueridge, 
1983' Somogyi et aI., 1983a) these constitute 10 per cent. or less of the 
postsynaptic targets. The double bouquet cell. by contrast. contacts a far 
higher proportion of putative inhibitory cells, perhaps as high as to 70 
per cent. (Somogyi and Cowey, 1981) The reason for this may be that the 
activity of inhibitory cells needs to be coordinated because many converge 
on the same cell. The double bouquet cell, with localized vertically 
oriented axon passing through several layers. would be well-suited to such a 
coordinating role. especially for specific properties that are arranged in a 
columnar fashion 
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CONCLUSION 

It seems likely from the admittedly small amount of data available that any 
single cell receives inhibitory input from more Ihan one inhibitory cell type, 
as in the case of the input to pyramidal cells from both the basket cell and 
the axo·axonic celL Presumably the activities of these different convergent 
inhibitory paths must be coordinated in some way, and this would require 
rich interconnections between inhibitory cells. Also, those inhibitory cells 
that are involved in more than one inhibitory mechanism may receive their 
excitatory input from several independent local circuits. This organization 
would necessitate a much greater synaptic input to inhibitory cells than 
excitatory cells, and there is some evidence that cells with smooth dendrites 
do have a higher synaptic density on their dendrites than cells with spiny 
dendrites (Freund et al., 1983; Ribak, 1978; Somogyi, Freund and Cowey, 
1982). 

All of the four putative inhibitory cells described above connect either to 
different cell types or to different positions on the same type of celL There 
are many varieties of putative inhibitory cells whose synaptology has yet to 
be investigated. It is probable, on the basis of the survey to date, that they 
will also have particular cell types and postsynaptic sites of preference, 
reflecting yet further functional differentiation. We have suggested that some 
inhibitory cells, like the axo-axonic cell, may not be directly involved in 
producing RF selectivity. Other cells, like the double bouquet cells. because 
of the distal location of their particular input, may be involved only in the 
fine tuning of the cell's responses, with the coarse tuning being carried out 
by cells whose input is at a more strategic location on the cell. like the basket 
and clutch cells. Clearly we need to know a great deal more about the 
dendritic and somatic location of inputs from different inhibitory and excit
atory sources and their postsynaptic targets before we can devise a realistic 
and integrated model of area 17 Nevertheless, the power of the methods 
described here is cause for optimism that the previously intractable problems 
in studying local circuitry are now potentially soluble. 

ACKNOWLEDGEMENT 

Supported by the MRC. 

REFERENCES 

Benevento. L. A., Creutzfeldt, O. D .. and Kuhnt, U. (1972). Significance of intra con
ical inhibition in the visual cortex. Nature. New Bi'!/., 238, 12l-I:!6. 

Blomfield, S. (l ()74). Arithmetica! operations performed by nerve cells. Brairl Res .. 
69, 115-124. 



Cortical Circuitry inhibiton processes in cat 

Burr. D .. Morrone. C, and Maffei. L. (1981). Intracortieal inhibition prevents simple 
cells from responding to textured visual patters. Exp. Brain Res .. 43. 455--458. 

Dean, A. F., Hess, R. F .. and Tolhurst, D. 1. (1980). Divisive inhibition involved 
directional selectivity. 1. Physial .. 308, 8~85P. 

DI,nnond .. Gray, E G. Yasargil. (1970). The of the dendnlic 
hypothesis. Exclfalory Synapllc {\;lechanisms ( Anderson and J 

J ansen). Universitels Forlaget. Oslo, 211-222. 
Freund. T. F .. Martin, K. A. C. Smith. A. , and Somogyi. P. (1983). Glutamate 

decarboxylase-immunoreactive terminals of Golgi-impregnated axo-axonic cells and 
of presumed basket cells in synaptic contact with pyramidal neurons of the eat's 
visual cortex. 1. comp. Neurol., 221, 261-278. 

Hubel. H., and Wiesel. N. (1962). 
architecture eat's visual 

Hubel, H .• and Wicsel. N. (1963). 
5triate cortex. 1. PhyswJ .. 165559-568. 

fields. 
1. Physiol.. 

and arrangement 

interaction 
106-154. 
columns in 

Hubel, D. H., and Wiesel, T. N. (1965). Receptive fields and functional architecture 
in two non-striate visual areas (18 and 19) of the cat. 1. Neurophysiol., 28. 229-289. 

lack, l. l. B .. Noble. D., and Tsien. R. W. (1975). Electric Current Flow in Excitable 
, Oxford Press, pp. 197-222. 

Z. F., Martin, A. C, Somogyi, • and D. (1983). 
cat's visual cortex. morphology synaptology of basket cells in 

, 334, 21~22P. 
Koch, ,and Poggio, T. (1983). A theoretical analysis of electrical properties of 

spines. Prac. Ray. Soc. Lond. B., 218, 455--477. 
Krnjevic, K. and Sehwartz, S. (1967). The action of ,,(-aminobutyric acid on cortical 

neurons. Exp. Brain Res., 3, 320--336. 
Lorente N6, R. ( Cerebral cortex: architecture, inl.racorllcal conneCl.!ons. 

projections. af fhe System (EeL Fulton), Oxford 
University Pres. pp. 

Marttn, K. A. C (1984). Neuronal circuits in cat striate cortex. In Cerebral Cortex 
(Eds A. Peters and E. G. lones), Vo\. 2, Plenum Press, New York. pp. 241-284. 

Martin, K. A. C, Somogyi, P., and Whitteridge. D. (1983). Physiological and 
morphological properties of identified basket cells in the cat's visual cortex. Exp. 
Brain Res., 50, 193-200. 

Manin. A. C, and Whitleridge, D. Form, function. and intracortlcal 
of spiny in the striate cortex of Physial., 

Morrone, M. C, Burr, D. C, and Maffei, L. (1982). Functional implications of 
crossorientation inhibition of cortical visual cells. I. Neurophysiological evidence. 
Proc. Roy. Soc. (Lond.), B, 216, 335-354. 

O·l..eary. J. L. (1941). Structure of area striata of the cat 1. comp. Neural. 75. 
16 

A., Kalo, Bishop. P 
inhibitory receptive 

cortex. J. Neurophysiol., 42, 833-849. 

1979). Dimensions and propertlcs 
hypercomplex cells in cat 

Peters, A., Proskauer. CC, and Ribak, C E. (1982). Chandelier cells in rat visual 
cortex. J. camp. Neurol., 206. 397--416. 

Peters, A., and Regidor, l. (1981). A reassessment of the forms of nonpyramidal 
in area 17 visual cortex. Neurol., 6115-716. 
Cajal, S. ( I). HislOlogie 'Homme et 
. Maloine 



522 Models of the Visual Cortex 

Ribak, C. E. (1978). Aspinous and sparsely-spinous stellate neurons in the visual 
cortex of rats contain glutamic acid decarboxylase . 1. Neurocytol., 7, 461-478. 

Rose , D. (1977) . On the arithmetical operation performed by inhibitory synapses 
onto the neuronal soma. Exp. Brain Res . , 28, 221-223 . 

Rose, D'., and Blakemore, C. B. (1974). Effects of bicuculline on functions of 
inhibition in visual cortex. Nature, 249, 375-377, 869. 

Sillito, A. M. (1975) . The contribution of inhibitory mechanisms to the receptive 
field properties of neurons in the striate cortex of the cat. 1. Physiol. , 250, 305-329. 

Sillito, A . M. (1977) . Inhibitory processes underlying the directional specificity of 
simple , complex and hypercomplex cells in the cat's visual cortex. 1. Physiol., ·271 , 
699-720. 

Sillito , A . M. (1979) . Inhibitory mechanisms influencing complex cell orientation 
selectivity and their modification at high resting discharge levels. 1. Physiol., 289, 
33-53 . 

Sillito, A . M., Kemp. 1. A., Milson, 1. A. , and Berardi , N. (1980) . A re-evaluation 
of the mechanisms underlying simple cell orientation selectivity. Brain Res. , 194 , 
517-520. 

Sillito, A . M., and Versiani, V. (1977). The contribution of excitatory and inhibitory 
inputs to the length preference of hypercomplex cells in layers n and III of the 
cat's striate cortex. J. Physiol., 273, 775-790. 

Somogyi, P. (1977) . A specific 'axo-axonal' interneuron in the visual cortex of the 
rat. Brain Res., 136, 345-350. 

Somogyi, P. (1979) . An interneuron making synapses specifically on the axon initial 
segment (AIS) of pyramidal cells in the cerebral cortex of the cat. J. Physiol. , 296, 
1S-19P. 

Somogyi, P., and Cowey, A. (1981). Combined Golgi and electron microscopic study 
on the synapses formed by double bouquet cells in the visual cortex of the cat and 
monkey. 1. comp. Neurol . , 195, 547-566. 

Somogyi, P. , and Cowey, A . (1984) . Double bouquet cells. In Cerebral Cortex (Eds. 
E. G . Jones and A . Peters), Vol. I, Plenum Press, New York, pp. 337-360. 

Somogyi, P., Freund, T. F., and Cowey, A . (1982). The axo-axonic interneuron in 
the cerebral cortex of the rat , cat and monkey. Neurosci . , 7, 2577-2608. 

Somogyi, P. , Freund, T. F., Wu, l-Y., and Smith, A . D. (1983a) . The section-Golgi 
impregnation procedure. 2. Immunocytochemical demonstration of glutamate 
decarboxylase in Golgi-impregnated neurons and in their afferent synaptic boutons 
in the visual cortex of the cat. Neurosci . , 9, 475-490. 

Somogyi, P. , Hodgson, A . 1., and Smith, A . D . (1979). An approach to tracing 
neuron networks in the cerebral cortex and basal ganglia . Combination of Golgi 
staining, retrograde transport of horseradish peroxidase and anterograde degener
ation of synaptic boutons in the same material. Neurosci ., 4, 1805-1852. 

Somogyi , P., Kisvarday, Z. F., Freund, T. F., and Cowey, A . (1984) . Characteriz
ation by Golgi impregnation of neurons that accumulate 3H-GABA in the visual 
cortex of monkey. Exp. Brain Res ., 53, 295-303 . 

Somogyi, P. , Kisvarday, Z . F ., Martin, K. A . c. , and Whitteridge . D. (1983b). 
Synaptic connections of morphologically identified and physiologically character
ized large basket cells in the striate cortex of cat. Neurosci. , 10,261-294. 

Szentagothai, J . (1973) . Synaptology of the visual cortex. In Handbook of Sensory 
Physiology. Central Processing of Visual Information (Ed . R. lung) , Vol. VII!3B , 
Springer, Berlin , pp . 269-324. 

Tbmbbl, T. (1974) . An electron microscope study of the neurons of the visual cortex . 
1. Neurocytol ., 3, 525- 531. 



Cortlca! circuitrv illhihitory i 1/ cat 

Winfield. D. A" Gatter. K. C .. and Powel!. T. P. S. (1980). An electron microscopic 
study of types and proportions of neurons in the cortex of the motor and visual 
areas he cat and . 103. 245 258 




