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ABSTRACT 
Light and electron microscopic quantitative analysis was carried out on 

a type of neuron intracellularly filled with horseradish peroxidase. Two cells 
were studied in area 17, one of which was injected intra-axonally, and its 
soma was not recovered. One cell was studied in area 18. The two somata 
were on the border oflayers IVaIb; they were radially elongated and received 
synapses from numerous large boutons with round synaptic vesicles. The 
dendrites were smooth and remained largely in layer IV. 

The cells can be recognised on the basis of their axonal arbor, which 
was restricted to layer IV (90-95% of boutons) with minor projections to 
layers II!, V, and VI. Many of the large, bulbous boutons contacted neuronal 
somata, short collaterals often forming "claw"-like configurations around 
cells. The name "clutch cell" is suggested to delineate this type of neuron 
from other aspiny multipolar cells. Computer-assisted reconstruction of the 
axon showed that in layer IV the axons occupied a rectangular area about 
300 x 500 /Lm, elongated anteroposteriorly in area 17 and mediolaterally in 
area 18. The distributions of synaptic boutons and postsynaptic cells were 
patchy within this area. A total of 321 boutons were serially sectioned in 
area 17. The boutons formed type I! synaptic contacts. The postsynaptic 
targets were somata (20-30%), dendritic shafts (35-50%), spines (30%), and 
rarely axon initial segments. Most of the postsynaptic somata tested were 
not immunoreactive for GABA and their fine structural features suggest 
that they are spiny stellate, star pyramidal, and pyramidal neurons. The 
characteristics of most of the postsynaptic dendrites and spines also suggest 
that they belong to these spiny neurons. A few of the postsynaptic dendrites 
and somata exhibited characteristics of cells with smooth dendrites and 
these somata were immunoreactive for GABA. 

It is suggested that clutch cells are inhibitory interneurons exerting 
their effect mainly on layer IV spiny neurons in an area localised perhaps 
to a single ocular dominance column. The specific Iaminar location of the 
axons of clutch cell also suggests that they may be associated with the 
afferent terminals of lateral geniculate nucleus cells, and could thus be 
responsible for generating some of the selective properties of neurons of the 
first stage of cortical processing. 

Key words: interneurons, three-dimensional reconstruction, cortical inhibition, 
GABA, light and electron microscopy 

One important role of the visual cortex is to transform 
the sensory data arriving from the retina via subcortical 
nuclei into the process of perception. In the cat, the first 
stage of this transformation occurs at the first cortical syn
apse: the nonoriented centre-surround fields of the retina 
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and the lateral geniculate nucleus (LGN) are transformed 
into fields that are selective for properties such as orienta
tion, direction of movement, and length and width of the 
stimuli (Hubel and Wiesel, '62). Only a very small minority 
of cells in layer IV have receptive fields that are compara
ble to those of LGN cells (Hubel and Wiesel, '62). The 
mechanisms by which this remarkable transformation 
takes place remain speculative. Evidence is gradually ac
cumulating, however, which indicates that many of these 
emergent properties may be generated by intracortical in
hibition (Hubel and Wiesel, '62; Bishop et aI. , '71; Blake
more and Tobin, '72; Benevento et aI., '72; Creutzfeldt et 
aI., '74; Morrone et aI., '82; Heggelund and Moors, '83). This 
inhibition also appears to be mediated by characteristic 
types of GABA-ergic interneurones (Sillito, '75, '77, '79; 
Tsumoto et aI., '79). 

Physiological studies CHoffman and Stone, '71 ; Henry et 
aI. , '79; Bullier and Henry, '79; Ferster and Lindstrom, '83; 
Martin and Whitteridge, '84) indicate that the vast major
ity of neurons in layer IV receive a monosynaptic input 
from the LGN afferents a nd that their receptive field prop
erties show the selectivity characteristic of cortical cells. Of 
the different neuronal types in layer IV, the spiny stellate 
and pyramidal types are thought to be excitatory in nature 
(see Emson and Lindvall, '79; Lund, '84). By contrast, many 
of the cells with smooth or sparsely spiny dendrites are 
immunoreactive for GABA-ergic markers, implying that 
they are probably responsible for the inhibitory mecha
nisms (Ribak, '78; Somogyi et aI. , '83a,b; Somogyi and 
Hodgson, '85). If this assumption is correct, then clearly an 
understanding of the synaptic organisation of the cells with 
smooth dendrites is a necessary step in our investigation of 
the first stage of cortical processing. 

We have identified one particular cell type for study: a 
multipolar neurone with smooth dendrites that is particu
larly associated with layer IV. The cells studied were in
jected intracellularly with HRP and thus we can be 
reasonably sure that the axonal ramifications were com
plete. Our light microscopic studies indicated that the dense 
axonal plexus was confined largely to layer IV, and that 
many of the boutons contacted the somata of other layer IV 
neurons (Martin et aI., '83). Since the soma is considered an 
ideal site for inhibition (Eccles, '64; Jack et aI., '75) and 
since most boutons on the soma in layer IV are immuno
reactive for glutamate decarboxylase (GAD) (Freund et aI., 
'83), the enzyme synthesizing GABA, it was suggested that 
these layer IV multipolar cells were inhibitory interneu
rons (Martin et aI., '83). The specific association of the cell's 
axon with the geniculocortical termination zone suggests 
that this small multipolar cell may play a role in generat
ing specific receptive field properties at the first stage of 
cortical processing. Therefore the present study was under
taken (1) to determine the spatial distribution and numeri
cal parameters of the axons of these cells and their 
postsynaptic targets; (2) to characterise the structural fea
tures and synaptic input of the cells; and (3) to determine 
the postsynaptic targets and their neurochemical charac
teristics. Preliminary reports of some of the findings have 
been published (Kisvarday et aI., '83; Martin et aI., '83). 

MATERIALS AND METHODS 
Animals, surgery, and electrophysiology 

Mater ial was obtained from three of 57 adult cats used in 
physiological experiments (Martin and Whitteridge, '84), 
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which were carried out to study the structura l features of 
physiologically characterised neurons in the visual cortex. 
The cats were anaesthetised with a mixture of Fluothane/ 
N20 /0 2 , paralysed with gallamine triethiodide and tubo
curarine, and maintained under Althesin (Glaxo) or barbi
turate anaesthesia. Blood pressure, heart rate, end tidal 
CO2 and temperature were monitored continuously. Sur
gical, electrical stimulation, and recording conditions have 
been described in detail elsewhere (Martin and Whitter
idge, '84). Neurons were recorded from both extra- and 
intracellularly by using glass micropipettes filled with 4% 
horseradish peroxidase (HRP, Boehringer, grade 1) in 0.2 M 
KCI and 0.05 M Tris at pH 7.9. After establishing the 
position and properties of the receptive field and latency to 
electrical stimulation, the neurons were filled iontophoret
ically with HRP. 

Fixation and t issue processing 
At the termination of recording, the cats were given an 

overdose of anaesthetic and were perfused through the heart 
with saline followed by a fixative containing 2.5% glutar
aldehyde and 1 % paraformaldehyde in 0.1 M phosphate 
buffer (PB). Since several neurons were filled in each ani
mal, between 2 and 20 hours elapsed between filling a 
neurone and fixation. A block of cortex was cut out from 
the brain and sectioned in the coronal plane, at 80 p.,m, 
using a Vibratome (Oxford Instruments). The sections were 
washed extensively with 0.1 M PB and reacted for HRP 
enzyme activity using the p-phenylenediamine/pyroca
techol procedure (Hanker et aI., '77) with cobalt/nickel in
tensification (Adams, '81; Perry and Linden, '82). After 
further washing the sections were treated wit h 1% OS0 4, 
dissolved in 0.1 M PB, dehydrated, and mounted on slides 
in Durcupan ACM resin (Fluka). To enhance contrast for 
electron microscopy 1% uranyl acetate was included in the 
70% ethanol. 

Light microscopy and three-dimensional 
reconstruction 

The neurones were drawn with the aid of a 50 x oil 
immersion objective and a drawing tube. The individual 
drawings obtained from single sections were superimposed 
to obtain a two-dimensional image of the cells (Figs. lA, 
3A, 6). The cells were also recorded on series of light 
micrographs. 

In order to analyse the three-dimensional structure of the 
axonal arborisation and the distribution of the boutons, a 
complete three-dimensional reconstruction was made of 
neuron 1. We used a PDP 11/34 computer and a Quantimet 
image analyser system equipped with a microscope fitted 
with drawing tube and stepping motors that positioned the 
stage with 0.5 p.,m accuracy in the X, Y, and Z dimensions. 
The whole axon and the position of each bouton and branch 
point were recorded by using a 50 x oil immersion objective 
and the software NEURON, NEUMER, NEUROT, and 
NRN11A and statistical programs (as set up at Dept. of 
Anatomy, Semmelweis Medical School; see also Zsuppan, 
'84). All measurements refer to values as seen in the 
sections. 

One of the conspicuous features of these multipolar cells 
is that their axonal boutons surround the somata of other 
neurones. As proved by subsequent electron microscopy 
these latter neurones are the postsynaptic target s of clutch 
cells and their position outlines the area influenced by the 
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multipolar cells. Therefore we recorded the X, Y, and Z 
coordinates of each presumed postsynaptic neuron, as rep
resented by its nucleolus, by using the same software as for 
the boutons. Layering of the cortex followed previous stud
ies (O'Leary '41; Lund et aI., '79). 

Electron microscopy and quantitative analysis of 
dendrites 

Areas of interest were reembedded from the slides for 
correlated electron microscopy (Somogyi et aI., '79). Serial 
ultrathin sections were mounted on Formvar-coated single
slot grids and stained with lead citrate. Several hundreds 
of serial sections from the dense axon plexus of both cell 1 
and 2 were analysed to obtain a representative sample of 
postsynaptic elements. Each HRP-filled bouton in the plane 
of the section was photographed at the synaptic junction 
and the postsynaptic structure was identified, if necessary 
by following it in the series. The sampled area represented 
the whole width of the axon arborization and both layers 
IVA and IVB. 

In addition, a selected sample of identified collaterals, 
especially those surrounding cell bodies, were analysed for 
postsynaptic targets and for subsequent postembedding 
GABA immunocytochemistry of the postsynaptic neurones. 
The parent cell type of dendritic profiles in electron micro
graphs are difficult to identify. Therefore we used the area 
of the dendritic profiles, the area occupied by mitochondria, 
and the length of plasma membrane occupied by synaptic 
junctions Ifor their characterisation. Data were obtained by 
an electronic planimeter and values refer to dimensions in 
the sections. All measurements were taken at the plane 
where the HRP-filled clutch cell boutons formed a synaptic 
junction. The sample of postsynaptic dendrites seen in this 
study were compared with the sample of postsynaptic den
drites contacted by the large basket cells examined in an 
earlier publication (Somogyi et aI., '83b). 

Immunocytochemistry 
Postsynaptic somata were heterogeneous with regard to 

their fine structural features. To see if this could be corre
lated with neurochemical hetrogeneity, we tested some of 
them using postembedding GABA immunocytochemistry 
as described earlier (Somogyi et aI., '85). First the synaptic 
contact was confirmed by electron microscopy between the 
HRP-filled boutons and the neuronal somata; then two or 
three 0.5-p.m thick sections were cut from that part of the 
somata which was still in the block. These sections were 
incubated on glass slides to reveal GABA immunoreactiv
ity. An antiserum to GABA (code No. 7, Hodgson et aI., '85) 
was used at a dilution of 1:2,000 in the unlabeled antibody 
enzyme method (Sternberger et aI., '70). The same reagents 
and conditions were used as earlier (Somogyi et aI., '85). 

RESULTS 
Definition of clutch cells 

The name "clutch cell" is suggested to distinguish the 
neurones illustrated in this study from the wide range of 
'multipolar' cells (Peters and Regidor, '81; Meyer, '83). The 
characteristic feature of the cell is its large bulbous boutons 
apposed to neural somata, and a circumscribed axonal field 
that is restricted mainly to layer IV (Figs. 9A, lOA, 13A, 
16A-C). Bouton-laden short axon collaterals of clutch cells 
often form "claw" -like configurations around the postsyn
aptic cells. Although the pattern of termination of clutch 

Cell No. 

CC1 
CC2 
CC3 
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TABLE 1. Location of Clutch Cells Analysed in This Study 

Position in 
visual field Position of 

Cat. No. Area Azimuth Elevation cell body 

23/81 17 0.0 0 -11.4 0 Border of IVaIIVb 
22/82 17 2.9 0 -2.60 Axon only 
24/83 18 2.9 0 -3.20 Border of IVaIIVb 

cells on somata is similar to that of large basket cells 
(Martin et aI., '83; Somogyi et aI., '83b) and of a basket cell 
in superficial layers (De Felipe and Fairen, '82), the lami
nar distribution of the boutons of the two basket cell types 
is distinctly different. Further properties of the clutch cells 
will be discussed following the presentation of the results. 

Neurones analysed 
The three cells were similar on the basis of their axonal 

morphology and the position of their boutons around neu
ronal somata (Table 1). Cell No. 1 (CC1) was in area 17; its 
physiological properties and a preliminary description of its 
light microscopic features have been published (Martin et 
aI., '83). It was then called a "multipolar cell." It had 
overlapping on and off subfields (C-type receptive field) and 
responded optimally to bars shorter than the receptive field 
length. It was driven monosynaptically by Y-type afferents 
from the contralateral eye. 

Cell No. 2 (CC2) was injected in its main axon and was 
also in area 17. The HRP did not fill the cell body and the 
dendrites of this neuron, but it strongly filled the axon to 
the tips of the terminal branches. In addition, a pyramidal 
cell in layer Ill, whose basal dendrite descended into layer 
IV and passed by the injected axon, was also injected in this 
penetration. Consequently the physiological data obtained 
while recording the single unit cannot be attributed to 
either of the two individual cells. Such "double" fillings, 
making up about 10% of our overall sample, are not uncom
mon in intracellular marking studies and many explana
tions have been proposed (see Methods, Martin and 
Whitteridge, '84). Even in the absence of physiological data 
the structural features were of sufficient interest for further 
analysis. 

Cell No. 3 (CC3) was in area 18, and it was also a "double" 
with an accompanying spiny stellate cell. This meant that 
no physiological data could be attributed to this neuron. 
Because of the very different axonal and dendritic pattern 
of the two neurons, they could easily be separated during 
reconstruction. It is worth noting that both the units re
corded during the filling of CC2 and CC3 were monosynap
tically activated by Y-type afferents and had non-overlap
ping on and off subfields (S-type receptive fields). 

Structural features detected by light microscopy 
The position of the three cells studied is shown in Table 

1. The cell bodies of CC 1 in area 17 and CC3 in area 18 
were in layer IV. Both somata were elongated radially, 25-
30 p.m long and about 15 p'm wide (Figs. lA, 6, 7 A, 15A). 
Most of the dendrites originated from thick dendritic stems 
at the lower and upper poles of the cells. The thick stems 
divided into numerous secondary dendrites which rarely 
branched subsequently. Most of the dendrites remained 
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Fig. 3. A. Drawing of the axon of clutch cell No. 2, which was injected 
with a pyramidal neuron in the striate cortex. The distribution of synaptic 
boutons is very similar to that of cell 1. The apparent extension of the axon 
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Fig. 6. Drawing of clutch cell No. 3. in the prestriate cortex, area 18. The somata and the dendrites 
are shown in red and the axon is shown in black. Note the concentration of boutons in lower layer IV 
and the abrupt decrease in the number of boutons at the layer IV N border. Scale = 100 J.l.m. 
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axons, which gave the 

119 



Fig. 7. Clutch cell No. 1. A. Light micrograph of the perikaryon (CC l ) 

with emerging dendrites (d), and boutons (b) of an axon collateral. B. Elec
tron micrograph of the same somata, surrounded by large boutons (asterisk). 
They made synaptic contacts (large arrows) in this or in subsequent sec
tions . The cell is rich in mitochondria (m). C. One bouton making an 

axosomatic synapse (arrow) with the cell is shown at higher magnification. 
The bouton (asterisk) contains uniform round vesicles. D. The postsynaptic 
density (pd, arrows) at the synaptic junction of another bouton (asterisk) is 
"negatively stained" and indicates a type I contact. Scales: A, 10 I'm; B, 2 
I'm; C, 0.5 I'm; D, 0.1 I'm. 
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Fig. 8. Comparison of fine structural features of a type II synaptic junc
tion (B) with the features recognisable at the junction formed by an HRP
filled bouton of clutch cell No. 1 (A and C, serial sections). Both boutons 
formed synapses with the same type P soma in layer IVa. At the junction 
the extracellular space is widened and the pre (prm)- and postsynaptic (pom) 
membranes are rigidly apposed. The intercellular plaque (icp), membranes 

lacelike appearance (Figs. 9A, lOA, 13A). The boutons con
tained large groups of mitochondria and pleomorphic 
vesicles. The latter could be recognised because their mem
branes were negatively stained by' the HRP reaction end
product (Figs. 8, 9G,H, lOC,D, llB,D, 13B,E). The 
recognition of vesicle clustering (Fig. 10D) and the negative 
staining of presynaptic dense projections (Fig. 8) helped to 
identify synaptic contacts (Figs. 9G, lOC, llB, 12C-F). The 
boutons formed very small type II synaptic junctions with 
small postsynaptic densities (e.g., Figs. 8, 9G,H, llD, 12). 
The HRP reaction endproduct sometimes spread into the 
extracellular space around boutons, often also filling the 
synaptic cleft (e.g., 9H, 12,A,B,F) but leaving the intercel
lular plaque recognisable (Fig. 8). In addition to the HRP
filled boutons, other boutons of very similar character were 
contacting the same postsynaptic neurons. A comparison of 
the fine structural features of HRP-filled and -unfilled bou
tons is shown in Figure 8. All the features were not always 
present in every section of synapses formed by HRP-filled 
boutons. The reaction endproduct made it more difficult to 

121 

of synaptic vesicles (sv), mitochondria (m), presynaptic membrane (pr m), 
and presynaptic dense projections (dp) appear negatively stained as they 
are not penetrated by the reaction endproduct. There is only a very small 
postsynaptic density (pd) at these synapses in layer IV. Scale: A-C, same 
magnification, 0.2 /-Lm . 

identify synaptic contacts from single sections. However, 
all contacts were identified from several serial sections and 
the small postsynaptic density (e.g., Figs. 8, 12A,B,C), the 
slightly widened extracellular space (Figs. 8, 9H, lOD) at 
the junction, or the other features shown in Figure 8 served 
to identify the synaptic contacts. 

Postsynaptic elements. Two of the cells, CCl and CC2, 
were analysed extensively, but only four boutons were stud
ied from the axon of CC3. A total of 321 boutons were 
serially sectioned in area 17. Of these, 273 boutons were 
drawn from a random sample. The distribution of their 
postsynaptic targets is shown in Figure 20. An additional 
48 boutons that contacted somata were sectioned, for sub
sequent testing of the GABA immunoreactivity of the post
synaptic somata. These data are not included in Figure 20. 

We were interested in estimating the total number of 
elements in synaptic contact with the axon of CCl in layer 
IV. In the light microscope, 1,083 boutons were seen to 
contact 434 somata; the remaining 1,650 boutons were in 
the neuropil. A sample of 45 of the boutons contacting the 
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Fig. 10. A. Light micrograph of the axon clutch cell No. 1. The myelin
ated axon collateral (ma) emits varicose terminal segments which surround 
small somata (asterisks) in layer rv. B. Two of the somata (Ni and N 2) are 
associated with six and four boutons, respectively, and are shown on elec
tron micrographs in B and Figure 9A. A light micrograph of Ni has been 
published by Martin et al. ('83). B. Electron micrograph of the same neuron 
(N 1) as shown in A. Complete serial sectioning of the neuron showed that 
boutons Nos. 2-5 made synapses with the soma, while boutons Nos. 1 and 6 

made synapses with proximal dendrites (d). Both the soma and the dendrites 
received additional synapses (curved arrows) from unidentified boutons. C. 
Serial section to that shown in B of bouton No. 2 in synaptic contact (arrows) 
with the soma. D. Higher-magnification view of the synaptic junctions 
(arrows) shown in C. The junctions can be recognised on the basis of the 
widened extracellular cleft and the vesicle clusters (vc). Scales: A, 10 ~m; B, 
1 ~m; C, 0.5 ~m; D, 0.1 ~m. 



Fig. 11. Different types of neurons postsynaptic to clutch cell No. 1. A. 
Pyramidal-shaped neuron (N2) contacted by two HRP·filled boutons (bl ,2) 
and also shown in light micrograph in Figure 7.A. The neuron has an apical 
dendrite (ad) passing near one of the HRP·filled dendrites (d). B. One of the 
boutons (b2) is shown at higher magnification in synaptic contact (arrow) 
with the somata from a consecutive section. C. A nonpyramidal neuron 
receiving a very large number of synaptic contacts (arrows) on its somata. 

One of them (star) originates from the clutch cell. The soma contains a high 
density of mitochondria and secondary lysosomes (ly). D. Serial section of 
the same labelled bouton (star) as in C making a type II synaptic contact 
(arrows) with the soma. An unidentified bouton (asterisk) containing round 
vesicles also makes a synaptic junction (open arrow). Scales: A and C, l/-tm; 
Band D, 0.5 /-tm. 



Fig, 12, Different types of elements postynaptic to HRP-filled boutons of 
clutch cell No, 1. A,B. Serial sections of two spines (SI,S2) and a dendrite 
(d3 ) receiving type II synapses (arrows) from the same identified bouton 
(white asterisk) as well as type I synapses from unidentified boutons (black 
asterisks). C. Type S dendrite (ds) receiving two synapses (small arrows) 
from unidentified boutons and one synapse (large arrows) from the HRP
filled bouton which also contacts a soma (arrows). D,E. Serial sections 

' ?,:: 'c'{;:',' 
~ .: 1- -0 .;. . ..of' " .. ;" ' ,> 

'>, 

illustrating an axon initial segment (IS) receiving synaptic contacts (large 
arrows) from an unidentified (asterisk) and an HRP-filled bouton (b). Both 
boutons make synaptic contacts (curved arrow) with nearby type p dendrites 
as well. The initial segment was traced back to a pyramidal cell and 
contains the characteristic microtubule fascicles (small arrows). F. A small 
type p (d p ) dendrite, receives synaptic contact (anow) from an HRP-labelled 
bouton. Scales: 0.5 ILm; A,B same magnification; D- E, same magnification. 



Fig. 13. A. Light micrograph of the axon arborisation of clutch cell No. 2 
in layer IV. The main myelinated axon (ma) emits collaterals crowded with 
large boutons (b) some of which contact perikarya of neurons (asterisks) 
having various sizes and shapes. B. Electron micrograph of one of the main 
axons (m a) surrounded by a thick myelin sheath. C. Photomontage of the 
large pyramidal cell (P) which was filled with HRP together with the axon 
of clutch cell No. 2. The axon initial segment (IS) the apical dendrite (ad) 

and basa l dendrites are shown. Boutons (small arrows) of the clutch cell 
contact a neuronal somata (n) and also one bouton (bl) that was apposed to 
the basal dendrite next to a spine (Ps). D,E. Electron micrographs of the 
clutch cell bouton (bl) shown also in C, as it makes a synaptic contact (open 
arrow) with the pyramidal cell basal dendrite (Pd) and the neck of the spine 
(Ps). The spine also receives a type I contact (arrow) from another bouton 
(asterisk). Scales: A a nd C, 10 Jlm ; Band D, 0.5 Jlm; E, 0.1 Jlm. 
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Fig. 14. A light micrograph photomontage of a collateral of clutch cell 
No. 2 descending to layer V. The main collateral (arrows) was myelinated. 
Some boutons (b) of the varicose secondary collaterals approach neuronal 
somata (asterisk). B. Light micrograph of two boutons (bl b2) in apparent 
contact with a pyramidal cell (PJ) in layer V. The prominent apical dendrite 
(ad) and another pyramidal cell (P2) below the plane of focus are indicated. 

Z.F. KISV ARDAY ET AL. 

C. Electron micrograph of the same area shown in B. The two HRP-labelled 
boutons (bl, b2) are seen in apposition to the soma of PI and to the tip of P2. 
Framed area is shown in serial sections in D and E at higher magnification. 
D,E. The two boutons (bl, b2) of clutch cell No. 2 make synaptic contacts 
(alTows) with both pyramidal neurons (PI , P2). Scales: A, 20 ",m; B, 10 !£m; 
C, 2 ",m; D and E, 0.5 ",m. 



SYNAPTOLOGY OF CLUTCH CELLS IN LAYER IV 

Fig. 15. Clutch cell No. 3 in area 18. A. Light micrograph of the perikar
yon (CC3) with emerging dendrites (d) and axon initial segment (AIS) origi
nating from one of the main dendritic shafts. B. Electron micrograph of the 
soma with an eccentrically placed nucleus (N). Some oedematous tissue 
damage around the plasmalemma is apparent, but boutons making axoso-

of rough endoplasmic recticulum extending into the den
drites. The axon initial segment of a fourth neuron was 
directed toward the pia and also had a high cytoplasm-to
nucleus ratio (Fig. 17 A). All the above features have been 
observed on identified aspinous, nonpyramidal cells (see 
Peters and Saint Marie, '84) many of which are thought to 
be GABAergic. For the neurones contacted by clutch cells 
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matic synapses (white arrows) can be identified. One large bouton (asterisk) 
in framed area is shown in C at higher magnification. C. The large bouton 
(asterisk) containing spherical vesicles makes multiple synaptic contacts 
(arrow) with the soma. D. A main axon collateral (a) is seen enveloped by a 
thin myelin sheath. Scales: A, 10 /Lm; B, 1 /Lm; C and D, 0.5 /Lm. 

this was directly confirmed in the present study by post
embedding GABA immunohistochemistry (Fig. 17, Table 
4). Because the anti-GABA serum was developed at a late 
stage of this study we could not test neurones which had 
already been completely cut for electron microscopy in the 
random sample. The small proportion of GABA-positive 
cells amongst the targets of clutch cells shows that GA-
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BAergic neurons, which probably correspond to S-type cells, 
are a minor target of clutch cells in layers IV and V 
(Table 4). 

Dendrites. Dendrites were the most frequent target in 
layer IV, making up 44.3% of the postsynaptic elements for 
CC1 and 52.2% for CC2 . In layer V for CC1 they constituted 
60% of the targets. Some dendrites could be traced back to 
their parent cells (Fig. lOB,C) and thus identified as origi
nating from P- or S-type neurons. Most of the dendrites, 
however, were just isolated profiles, which made it difficult 
to determine their origin. Similarly to the postsynaptic 
perikarya, two broad categories of postsynaptic dendrites 
were recognised. 

Type P dendrites had light cytoplasm, contained few mi
tochondria, and received few synapses from boutons other 
than the HRP-filled one (Figs. 12A,B,D-F, 19). They were 
similar to the dendrites originating from type P somata. 
Some type P postsynaptic dendrites were radially oriented, 
like that originating from the type P cell in Figure HA and 
they were assumed to be apical dendrites of pyramidal cells. 
On one occasion the synaptic contact was on a sidebranch 
of such a dendrite . Type P dendrites constituted the major
ity of the postsynaptic dendritic shafts. Qualitatively, type 
P dendrites were very similar to the type P dendrites that 
received synapses from large basket cells in layer IH of 
area 17 (Somogyi et al., '83). However, quantitative compar
ison of their size showed that those receiving clutch cell 
input in layer IV were significantly smaller (Fig. 18). 

Further evidence that type P dendrites belong to the 
spiny neurons was obtained from the HRP-injected pyrami
dal neuron that sent its basal dendrites within the termi
nation area of CC2. Four boutons of CC2 contacted the 
dendrites, and in one case we proved by electron microscopy 
that the clutch cell bouton directly contacted the dendrite 
and the neck of a spine (Fig. 13C-E). Both the dendritic 
shaft and the spine neck received synaptic contact, al
though the dense reaction end product also filled the syn
aptic cleft. 

Type S postsynaptic dendrites contained numerous mito
chondria and received a large number of synapses, mainly 
type I (Fig. l2C). They were similar to the dendrites emerg
ing from type S neuronal somata and to dendrites described 
previously as belonging to smooth and sparsely spiny neu
rons (Davis and Sterling, '79; Hornung and Garey, '81; 
Somogyi et al., 83a,b). They made up 8% (CCl) and 9% 
(CC2) of the postsynaptic elements in layer IV (Fig. 20). 

Quantitative comparison of type P and type S dendrites 
was made on the basis of the synaptic coverage and mito
chondrial density (Fig. 19). Type P dendrites formed a tight 
cluster indicating that they were more homogeneous than 
type S dendrites, which showed greater scatter. The den
drites of CC1 were similar to type S dendrites, indicating 
again that type S dendrites probably belong to neurons 
with smooth dendrites. Five percent of the dendrites post
synaptic to CC1 in layer IV, 6% in layer V, and 8% postsyn
aptic to CC2 could not be classified as P or S type (Fig. 20). 
They were not included in Figure 19. 

Spines. Spines were identified on the basis of spine ap
paratus, the lack of mitochondria, or from serial sections 
showing them as having a head and a stalk (Fig. 12A,B). 
Spines were an important target for both CC1 (30.6%) and 
CC2 (26.3%) in layer IV, and also for CCl in layer V (34%). 
It was not possible to establish the origin of the spines 
because very few could be traced back to type P dendrites. 
Interestingly, every spine received a type I synaptic contact 
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Fig. 16. Light micrographs of neurons in contact with boutons of clutch 
cell No. 3 in layer IV of area 18. Only some boutons (long a rrows) are near 
the somata; others (short a rrows) a re in the neuropil. Scales: A-C, same 
magnification , 10 jlm. 



SYNAPTOLOGY OF CLUTCH CELLS IN LAYER IV 

Fig. 17. Immunocytochemical demonstration of GABA in a neuron post
synaptic to clutch cell No. 2, and situated at the top oflayer IVA. A. Electron 
micrograph of the postsynaptic somata (N}) contacted by the HRP-labelled 
bouton (bl) ' Note the axon initial segment (AIS) is directed toward the pia. 
B. The HRP-filled bouton (bI) is shown at higher magnification, in synaptic 
contact (arrow) with the somata. C. Light micrograph of a O.5'J.tm-thick 

from boutons containing round synaptic vesicles in addition 
to the type II contact established by clutch cells (Fig. l2A,B, 
l3D,E). 

Axon initial segments. Four postsynaptic profiles could 
be identified as axon initial segments (Figs. l2D,E, 20) on 
the basis of microtubule fascicles and electron-dense mem
brane undercoating CPalay et aI., '68). Only one of them 
received another type II synaptic contact from a similar 
bouton which also contacted dendrites (Fig. l2D). These 
axon initial segments were not as densely covered with 
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section treated to reveal GABA. The neuron (NI) shown in A is immuno
reactive, including its nucleus (n), while neighbouring neurons (asterisk) 
are negative for GABA. Immunoreactive boutons (b), some surrounding 
neuronal somata (arrows) and immunoreactive axons (e .g., a ), are a lso 
demonstrated. c, capillaries. Sca les: A, 2 J.tm; B, 0.2 J.tm; C, 10 J.tm. 

synapses as they are in layer In (Fairen and Valverde, '80; 
Freund et aI., '83). 

Postsynaptic targets in layer V. Although the vast ma
jority of boutons were in layer IV, all clutch cells gave 
descending collaterals to layer V. This gave an opportunity 
to study whether clutch cells really give synapses to pyrami
dal cells since these can be recognised unequivocally in 
layer V because of their massive apical dendrites. Some (6% 
for CCl) of the boutons of both clutch cells established 
synapses with somata of pyramidal cells (Figs. 14, 20). 
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TABLE 4. Neurochemical Characterisation of Postsynaptic Perikarya to 
Neurons CCl , CC2 , a nd CC31 

No. of No. of 
No. of Cortica l GABA-positive GABA-negati ve 
neurons layer somata:2 somata3 Total 

CCl IV 1(1) 36 (19) 
40 

V 0 3 
CC2 IV 30) 21 (7) 24 
CC3 IV 0 2 2 

INeurons were tested by postembedding GABA immunocytoche mistry, including 
random (in pa rentheses; sy naptic da ta in Table 2 1 and non-random samples. 
l A11 GABA'pos ili ve cell s were of the S type. 
:I AII GABA .ncga live cell s we re P type on the bas is of fine structura l criteria. 

Spines (34%) and type P dendrites (50%) were the majority 
of the postsynaptic targets in layer V. Since here they very 
likely belong to pyramidal neurons, it is evident that be
sides the layer IV neurons, a localised group of layer V 
pyramidal cells also receive input from layer IV clutch 
cells. 

DISCUSSION 
Definition of clutch cells 

Clutch cells can be identified on the basis of the following 
characteristics: somata in layer IV; smooth dendrites; very 
dense rectangular axonal arborisation (300 x 500 JAm), 

largely restricted to layer IV; large bulbous boutons; short 
interbouton intervals; they establish type II efferent syn
aptic contacts; 20-300/( of their synapses are given onto 
layer IV somata, most of which are not immunoreactive for 
GABA; they also form synapses with dendritic shafts (35-
50%) and spines (30%). 

Clutch cells in previous studies 
Undoubtedly our sample is small, but these cells are 

rarely encountered in either intracellular filling or in Golgi 
studies. The three neurons for the present study are a result 
of 4 years of intracellular filling of hundreds of neurons in 
the cat. In the cat, only one example of a clutch cell has 
been found in the Golgi literature (Lund et al., '79 of Fig. 
6B). This is not surprising in light of the present results 
showing that most of the main axons of clutch cells are 
myelinated in the adult cat, rendering them largely inac
cessible for Golgi impregnation. In the kitten, where my
elination is probably less extensive, Lund et a1. (,79) 
described these neurons throughout layer IV. Similar neu
rons have been described in layer IV of the primate visual 
cortex (Raman Cajal, 1899; Valverde, '71,'78; Lund, '73; 
Mates and Lund, '83) and they seem to be associated in 
particular with layer IVC. In this layer, it has been shown 
that they form type II synaptic contacts with somata (Mates 
and Lund, '83). 

Similarly, in the kitten Lund et a1. ('79) called attention 
to the association of the terminals of these cells with the 
somata of other neurons. This has been confirmed in the 
present study and it has also been shown that the boutons 
form type II synaptic contacts. 

The target neurons of clutch cells 
The electron microscopic data strongly suggest that the 

major targets are the different parts of spiny cells in layer 
IV. Pyramidal cells of layers V and III and GABAergic 
neurons formed only a minority of the postsynaptic ele-
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Fig. 18. Comparison of the area (mean ± 8.E.M.) of type P profiles that 
received synapses from clutch cells 1 and 2 (CCl> n = 55, CC2, n = 29) in 
layer IV with those that received synapses from large basket cells (BC2, n 
= 24, BC3 , n = 12) in layer Ill. Basket cell data is based on new measure
ments from material published earlier (80mogyi et al., '83). Clutch cells 
make synapses with significantly smaller dendrites (P < .01, F test) than 
do large basket cells. 

ments. Because the somatic features and synaptic input of 
identified spiny neurons have not been studied in detail in 
the cat, it is not yet possible to establish if any of the three 
major classes-the spiny stellate, star pyramidal, and py
ramidal cells-can be excluded as targets. The significant 
differences in the thickness of postsynaptic type P den
drites, contacted by clutch cells in layer IV and large basket 
cells in layer Ill, respectively, indicates that different neu
ronal populations receive the input from the two cell types. 
The thinner dendrites in layer IV could belong to spiny 
stellate and star pyramidal neurons, which are smaller 
than layer III pyramidal cells. 

The overall distribution of clutch cell synapses on differ
ent targets is very similar to that of the large basket cells 
(Somogyi et aI., '83b). While large basket cells contact only 
a small fraction of the neurons within their large axonal 
arborisation (Martin et aI., '83; Somogyi et al., '83b), clutch 
cells, with their compact axonal field, seem to provide input 
to a much higher proportion of neurones within their ax
onal field. In this respect they are quite similar to LGN 
afferents that terminate in the same layer. 

Possible transmitter of clutch cells 
Most boutons forming type II contacts in the cat visual 

cortex have been shown to be immunoreactive for GAD 
(Freund et aI., '83) and GABA (Somogyi and Hodgson, '85). 

Fig. 19. Comparison of dendrites postsynaptic to clutch cell No. 1 (filled 
triangles, line PI; filled circles, line 8 1) and clutch cell No. 2 (open triangles, 
line P2 ; circles, line 8 2), Measurements were taken from electron micro
graphs photographed at the site where the HRP-filled boutons made synap
tic contacts with them . Linear regression lines were used as centres of 
gravity to show that both cells contact similar popuJations of dendrites. 
Type P dendrites are more homogenous than type 8 dendrites and probably 
originate from pyramidal and spiny stellate cells. Type 8 dendrites probably 
belong to aspiny and sparsely spiny nonpyramidal neurons. The dendrites 
of clutch cell 1 (filled squares, DCCI) are similar to type 8 dendrites. 
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Furthermore most boutons on the somata of neurons in 
layer IV, where clutch cells also terminate, were immuno
reacti ve for GABA in the present study. Although direct 
evidence on the transmitters of identified clutch cells is not 
yet available, the above circumstantial evidence strongly 
suggests that they are GABAergic and presumably inhibi
tory (Curtis and Johnston, '74; Krnjevic, '74). While admit
tedly more direct evidence is needed for this assumption, it 
is worth considering the possible effect of a clutch-cell-
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CC1 layer V. n=50 

soma dend. spine 
shaft 

Fig. 20. Cumulative summary diagrams of the structures post
synaptic to boutons of CCl and CC2 expressed as percentage of all 
examined postsynaptic targets of each clutch cell. Data was obtained 
from mndom samples since every bouton was examined in the plane 
of the electron microscopic section . Postsynaptic somata were of two 
distinct categories: type P (dotted bars) and type S (filled), described 
in detail in the text. The dendrites were also placed in two broad 
categories: type P (dotted bars) and type S (filled). Some dendrites 
(open bars) could not be placed in either category because they could 
not be traced in serial sections. It is suggested that most if not all of 
the elements represented by the dotted bars belong to spiny stellate, 
star pyramidal, and pyramidal neurons. a.i.s , axon initial segment 

mediated inhibition in the light of the distribution of its 
synaptic terminals. 

Consequences of somatic inhibition 
One major target of clutch cells is the somatic region of 

spiny cells. Theoretical considerations (Blomfield, '74) pre
dicted a divisionlike change in the firing rate of the neu
rone if inhibitory conductances on the soma were large, in 
contrast to the subtractive changes predicted as a result of 
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inhibition on distal dendrites ~.DI0rrlIle:la, 
'75). In the visual cortex, there 
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since the neurons in the studies could 
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basket cells (which also give pensorrlatlc s'vnl:lDs:es--
et '83b), were As 
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but nonlinearities could be eX1Jected 
in such an arrangement '74). 
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l\,eSplJmle latencies to electrical stimu-
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between bouton indicated 
('83). 

COllVE!rg,en(~e of clutch cell and LGN axonal systems 
the or parts of cell such as 

almost inevitable if we take into 

most I",v.H."_,U..'u.v,-, 

Davis and 
thus there may be a close rel.atllonsnlp 

the two sets of terminals. 
The dendritic field of clutch cells within the field of its 

thus, from the and colUIIlnclr 
the cortex it could be that clutch 

from the same of as some of 
.UHA._y"'~O of the distribution of 

neurones that receive somatic from the clutch cells 
confirms that this is the case. that there may 

simultaneous activation and mtllb:ltlOln of neurones, even 
when ~P'VU'L~' 
has in 

stimuli to 
(Hammond and -.---------.1 
we did not test the .... "V'r1{"1l' 

cell could be one source 
mechanism. 

If we wish to understand the cortical circuitry then we 
have to the between the structure of 
the conapOlnelt1t 
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IV is the obvious starting point for this analysis because it 
is the major recipient zone of the thalamic input. Although 
the present methods are necessarily time consuming and 
the data as yet fragmented, they are providing new details 
of the microcircuitry in layer IV (McGuire et al. , '84; Mar
tin , '84 ; Somogyi et al., '83b). A picture is emerging of 
different cell types providing input not only to particular 
types of neuron, but also showing preferences for particular 
regions of the postsynaptic cell. It is only identifying the 
rules governing these complex patterns of connectivity that 
we will be able to derive realistic models of cortical function. 
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