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ABSTRACT
Glutamate decarboxylase (GAD)-immunoreactive varicosities were
found around cell bodies of nonimmunoreactive and immunoreactive neurons in the cat’s visual cortex; they also occurred along apical dendrites and
axon initial segments of pyramidal neurons. By examination in the electron
microscope of structures first identified in the light microscope,it was established that the GAD-immunoreactive varicosities were boutons in symmetrical synaptic contact with pyramidal cells in layers 11-IV. More than 90%
of 142 boutons surrounding the cell bodies of 20 pyramidal neurons were immunoreactive for GAD. Since such a high proportion of the axosomatic boutons are GAD-immunoreactive, it is likely that the terminals of basket cells
are included in this population and so the basket cell probably uses y-aminobutyrate as a transmitter, as suggested by previous authors.
Almost all the 68 boutons in symmetrical contact with the axon initial
segments of six pyramidal neurons could be shown to be GAD-immunoreactive, which makes it very likely that the boutons of axoaxonic cells contain
GAD-immunoreactivity. This was established unequivocally for an individual Golgi-impregnated axoaxonic cell by combining Golgi impregnation and
immunocytochemistry in the same sections: A Golgi-impregnated axoaxonic cell whose cell body was in layer I1 gave rise to numerous terminal segments, some of which were examined in the electron microscope after goldtoning. These boutons were in synaptic contact with axon initial segments
and not only contained the Golgi precipitate but were also immunoreactive
for GAD. It is concluded that the axoaxonic cell in the visual cortex uses
y-aminobutyrate as a transmitter.
An individual axoaxonic cell in layer IIlIII was filled with horseradish
peroxidase by intracellular iontophoresis. The very extensive local axonal
field was composed of 330 terminal bouton rows in layer IIlIII and a sparse
descending collateral projection to infragranular layers. A computer-assisted reconstruction of the axonal field in three dimensions revealed the following: The main output of the cell is to pyramidal neurons that lie deeper
than the soma; the axonal arborization occupies an area of 400 p m in the anteroposterior axis and extends 200 pm along the mediolateral axis; the terminal bouton rows in layer IIlIII form clusters about 50 p wide running ap-
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proximately at right angles to the border between areas 17 and 18, with an
intercluster interval of about 100 pm. These findings suggest that the terminals of an individual atroaxonic cell could be contained within one ocular
dominance column but that there may be inhomogeneities in the weighting
of the axoaxonic input to pyramidal cells in the supragranular layers.
The possible functions of GABAergic axoaxonic cells are discussed, including the ideas that they may be involved in controlling the output of pyramidal neurons in superficial layers not only to contralateral cortical areas
but also to deeper layers of the ipsilateral cortex, and that they may be involved in imposing a functionally significant spatial pattern on groups of
pyramidal neurons.
Key words: cerebral cortex, inhibition, GABAergic interneurons, axoaxonic
(chandelier)cell, basket cell
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There is substantial evidence that y-aminobutyric acid
(GABA) is a neurotransmitter in the cerebral cortex
(Curtis and Johnston, '74; KrnjeviC, '74) and this amino
acid has been shown to cause hyperpolarization of cortical
neurons when applied by iontophoresis (Krnjevic and
Schwartz, '67).The inhibitory actions of GABA can be antagonised by bicuculline (Curtis et al., '71; Sillito, '75a),
which also reduces the synaptic inhibition of pyramidal
tract neurons (Curtis and Felix, '71). Furthermore, bicuculline reversibly influences some of the specific response
properties of neurons in the visual cortex, suggesting that
these properties are largely determined by the inhibitory
actions of GABA (Rose and Blakemore, '74; Sillito, '75b,
'77, '79; Sillito and Versiani, '77; Tsumoto et al., '79).
In order to elucidate the structural basis of GABA-mediated inhibition, Golgielectron microscopic procedures
have been combined either with the immunocytochemical
localization of glutamate decarboxylase (GAD; Freund
and Somogyi, '83; Somogyi et al., '83b)or with the light microscopic autoradiographic localization of ["HIGABA
(Somogyi et al., '81b, '83c; Bolam et al., '83a). These combined Golgi procedures have made it possible to reveal the
dendritic and axonal arborizations of different kinds of putative GABAergic neurons and to follow their afferent and
efferent connections at the synaptic level. The direct evidence, produced by these new procedures, has confirmed
previous suggestions (Ribak, '78; Somogyi et al., '81a;
Chronwall and Wolff, '80; Wolff and Chronwall, '82)that, in
the cortex, some smooth and sparsely spiny stellate neurons contain GAD (Somogyi et al., '83b), or have the highaffinity GABA uptake enzyme system (Somogyi et al.,
'81b) and are therefore GABAergic. However, this class of
cortical interneuron is heterogenous and there is no evidence that all neurons having smooth or sparsely spiny
dendrites use GABA as a transmitter. Therefore further
analysis is needed at the synaptic level to distinguish
which types of neuron in this large group are definitely
GABAergic.
The aims of this study were (1)to analyse the distribution of the GAD-immunoreactive terminals on pyramidal
neurons at the presumed most strategic locations, i.e., the
perikarya and axon initial segments; (2) to identify the
type of interneuron providing some of these terminals; (3)
to study the three-dimensional distribution of the terminal
bouton rows of an individual identified interneuron that
belongs to one of these putative GABAergic types.

~__~_~____

To answer the first question, we used correlated light
and electron microscopic examination of sections incubated to reveal GAD immunoreactivity. For the second
question, we combined Golgi impregnation with GAD immunocytochemistry to see whether the axon of an identified interneuron would contain GAD. To study the thrrd
question a complete axon arborization of an identified interneuron is needed, which can rarely be obtained by the
Golgi procedure. Accordingly, we have studied an axoaxonic interneuron (Somogyi, "77; Szentagothai, "78)filled
by intracellular iontophoresis of horseradish peroxidase
(HRP)in order to determine the virtually complete axron
arbor of a single neuron of this class.
We have chosen the cat's visual cortex for these experiments, because it has been widely used in electrophysiological and pharmacological studies on the functional role
of GABA-mediated inhibition.

MATERIALS AND METHODS
Preparation of animals for
immunohistoehemistry
Five adult cats were used just for the immunohistochemical studies. The animals were sedated with ketamine
hydrochloride (23mglkg i.m.)and anaesthetized with xyla
zine hydrochloride (23.32 mgkg; Rompun, Bayer). Colchicine (BDH Chemicals 6 pg/$ dissolved in artificial cerebrospinal fluid) was injected into the lateral gyrus of the
cortex through glass micropipettes with a tip diameter
of about 50 pm. One penetration was made and 0.2 pl colchicine was injected every mm, while the capillary WBS
withdrawn over a distance of 10 mm. Thus, altogether 2 pl
of solution containing 12 pg colchicine was injected.
The animals were anaesthetized again 24 hours later
with chloral hydrate (350 mglkg i.p.) and perfused through
the heart first with Tyrode's solution (gassed with 95% OI,
5% CO, mixture) and then with a fixative containing 4'%
paraformaldehyde (TAAB, Maidenhead, U.K.), 0.05% glutaraldehyde (TAAB), 0.2% picric acid dissolved in 0.1
M phosphate buffer, prepared as described previouslty
(Somogyi and Takagi, '82). After perfusion the brain was
removed from the skull and placed into the same fresh fixative for 1-2 hours at 4 "C. Small blocks from the colchicineinjected lateral gyrus were cut out and washed (at 4°C) in
several changes of 0.1 M phosphate buffer, pH 7.4, foillowed by 10%and then 20% sucrose dissolved in the same
buffer each time, until the blocks sank. The blocks were
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then frozen in liquid nitrogen and thawed in 0.1 M phosphate buffer at room temperature. Sections (80 pm thick)
were cut on a Vibratome (Oxford Instruments)and washed
in 0.1 M phosphate buffer. The results to be presented
came from studies on one of these cats in which the ultrastructural preservation was the best, although the same
observations were made in the other animals.
Six cats were used for combined immunohistochemistry
and Golgi impregnation and were fixed in the same way as
cats used for immunocytochemistry alone, but three of
them did not receive any injections of colchicine. Some of
the results from one of the cats are reported elsewhere
(Somogyi et al., '83b). The results to be reported in this
paper came from one of the cats which did not receive an injection of colchicine in the visual cortex.
Antiserum. This was prepared by Dr. J.-Y. Wu as follows. Glutamate decarboxylase (GAD)was purified to homogeneity from mouse brain (Wu,'73; Wu et al., '82) and an
antiserum (Code No. P4 10117)was raised in a rabbit. The
rabbit was injected every second week with 30 Fg of purified GAD over a period of 10 weeks. The specificity and
properties of the antiserum were established by immunodiffusion tests, immunoelectrophoresis, and microcomplement fixation (Wu et a]., '82).

Immunocytochemical procedure
Incubation of sections was carried out in the following
order at room temperature unless otherwise stated: 1hour
in 20% normal goat serum (Cappel); X2 30-minute wash;
24 hours at 4OC in the primary antiserum diluted to 1500
or 1:1,000; X 3 40-minute washes; overnight in goat antirabbit IgG (Miles) diluted to 1:40 at 4°C; X 3 40-minute
washes; 4-6 hours in rabbit peroxidase-antiperoxidase
(PAP) complex (Bioproducts Ltd., Belgium) diluted to
1:lOO X3 40-minute washes. For the first wash after each
serum, phosphate-buffered saline was used; thereafter
phosphate-buffered saline containing 0.25% lambda carrageenan (Sigma Chemicals) (Sofroniew and Schrell, '82) was
used. Only phosphate-buffered saline was used after the incubation with PAP. The primary antiserum and the phosphate-buffered saline contained 1% normal goat serum.
The sections were then preincubated for 20 minutes in
0.05% 3,3'-diaminobenzidine tetra HCI (Sigma) dissolved
in 0.05 M TRIS HCI buffer, pH 7.4, followed by a reaction
for 6 minutes in the same solution containing 0.01% hydrogen peroxide.
After washing in TRIS buffer and then phosphate buffer, the sections were postfixed for 1 hour in 1% oso, dissolved in 0.1 M phosphate buffer (pH 7.4).
Controls. To check for the specificity of the immunostaining and the method, some sections were incubated in
normal rabbit serum diluted 1:500 in place of the primary
antiserum. There was no specific staining in these sections, but a homogenous weak reaction was observed on
the surface of the sections due to nonspecific binding of the
antibodies. Reaction endproduct was also observed in
small granules in some neurons and glial cells, in red blood
cells, and in large granules of macrophagous cells associated with blood vessels. These places represent endogenous peroxidase activity and are not immunoreactive
sites. Some other sections which were processed in the full
sequence of the immunocytochemical procedure were incubated in the peroxidase medium but without adding H,O,,
to check for binding of diaminobenzidine (DAB)to the tissue. In these sections there was no reaction endproduct
associated with neurons or nerve terminals.

Golgi impregnation of immunocytochemically
stained sections
After the treatment with OsO, some of the sections from
one cat were washed in 0.1 M phosphate buffer for 2 X 10
minutes and processed for Golgi impregnation using the
method developed for sections that has been described
elsewhere (Freund and Somogyi, '83; Somogyi et al., '83b).
Briefly, ten to 12 sections were assembled into blocks, reconstructing the lateral gyms. The block was covered at
both ends with two sections which were from the same area
and which had been postfixed in OsO, but not incubated
for immunocytochemistry. The block was surrounded by
5% agar and placed into 3.5% potassium dichromate for 1
day, followed by 1%AgNO, for 7 hours. Thereafter the sections were separated, placed on slides in a drop of glycerol,
and examined in the light microscope. Sections containing
well-impregnated neurons were stored under glycerol at
4°C on the slide covered with coverslip.
Sections with poor Golgi staining or no staining at all
were recycled. They were washed for 3 X 10 minutes in 1%
sodium thiosulphate followed by washing for 3 X 5 minutes in distilled water. A new block was assembled in a way
similar to that assembled previously, surrounded by agar,
and placed into 3.5% potassium dichromate for 1 day and
then into 1.2% AgNO, for 7 hours. The sections were then
separated, placed on slides with a drop of glycerol, examined, and stored at 4°C.
Gold-toning. The procedure of Fairen et al. ('77) was
used with some modifications -in particular the sections
were illuminated (Fairen et al., '81; Somogyi et al., '81b).Selected sections were illuminated by using a Schott Mainz
KL150B fibre optic illuminating device containing a 15 V,
150 W bulb focussed onto an 8-mm-diameter circle at full
strength while the sections were cooled by blowing air
from a hair dryer. In the subsequent steps 0.05%gold chloride (NaHAuCl,),0.2% oxalic acid, and 1%sodium thiosulphate were used.

Correlated light and electron microscopy
The sections were dehydrated in ethanol (1%uranyl acetate was included into the 70% ethanol stage for 40 minutes) and mounted on slides in resin (Durcupan ACM,
Fluka) and cured for 2 days at 56".They can be stored permanently in this form and the light microscopic pictures in
this paper were taken from such sections. Neurons were
drawn using a camera lucida, photographed, and reembedded into plastic capsules as described for immunocytochemical material (Somogyi and Takagi, '82). Ultrathin
sections were cut serially, mounted on formvarcoated, single-slot grids, stained with lead citrate (Reynolds, '63), and
studied in a Jeol lOOB or a Philips 2OlC electron microscope at 80 kV using a 20- or 30-pm objective aperture.

Intracellular iontophoresis of horseradish
peroxidase following intracellular recording in
the cat visual cortex
Over a period of 3 years one of us has made unit recordings from the visual cortex in 72 cats and some of thephysiologically characterised neurons were filled with HRP by
iontophoresis: Up to the present 125 HRP-filled cells were
recovered and some of the results have been presented
elsewhere (Martin and Whitteridge, '81; Martin et al.. '83;
Somogyi et al., '83d). In one young adult cat we found that
one of the cells injected had the typical morphological features of an axoaxonic cell (Somogyi,'77; Szentagothai and
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Arbib, '74). The way the animal was prepared and the recording and injection technique have already been described (Martin and Whitteridge, '81; Martin et al., '83).
The cat was perfused with a fixative containing 1%paraformaldehyde and 4% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.4. The peroxidase histochemistry follows the
method of Hanker et al. ('77)but with CoZ+
and Ni" intensification (Adams, "77). The sections were not treated with
OsO, prior to dehydration and so it was not possible to
study this material in the electron microscope.
Three-dimensional rotation from light microscopic examination of sections containing the HRP-filled cell was
done on a modified Magiscan system (belonging to Dr.
A.G. Brown, Edinburgh) programmed by Dr. J. Houchin,
for whose assistance we are most grateful.

RESULTS

Distribution of GAD-immunoreactiveperikarya
and boutons in the cat visual cortex
In the sections incubated to reveal GAD immunoreactivity, only boutons (sometimes with short segments of
axon), perikarya, and the most proximal dendrites were
found to be stained; the staining was limited to a zone 5-10
p m from the surfaces of the section. The distribution of
GAD-containing perikarya has been described in a previous report (Somogyiet al., '83a),in which we also identified
some of the dendritic processes of GAD-positive cells by
simultaneous Golgi impregnation. The present study confirmed our earlier result and the report of Ribak ('78) in
that the GAD-positive perikarya are evenly spread out in
all layers without any specific or characteristic pattern, except in layer I, where most if not all of the cells contain
GAD. The sizes of the GAD-positive neurons were very
heterogenous. Neurons with cell bodies (30-35 p)of a
larger than average diameter were found mainly in upper
layer IV and layer V, and cells with smaller diameter
(10-16 pm) in layers 11-111.A high proportion of the GADpositive neurons (mainly the larger ones in upper layer IV)
were surrounded by GAD-positive boutons (Fig. 1A,D; see
also Ribak. '78).
In the present study we concentrated on the distribution
of GAD-positive terminals on different parts of pyramidal
neurons -in particular, the perikarya and axon initial segments. GAD-positive varicosities occurred in all layers
and were quite homogenously dispersed. The most striking patterns were the basketlike pericellular nests, which
occurred around most if not all of the nonimmunoreactive
cell bodies and which also occurred around a large proportion of the GAD-immunoreactivecell bodies (Fig. 1).In fortunate cases, when the apical dendrites of pyramidal neurons were parallel with the surface of the section, and
occurred in the superficial 10-pm-deep zone that was well
penetrated by the antibody, such dendrites were also outlined with GAD-immunoreactive terminals (Fig. 1).Sometimes at the base of the pyramidal cells stained structures
were observed, from 3 to 4 pn in diameter, consisting of a
series of GAD-positive terminals, and occasionally such
structures could be followed back to the cell body, suggesting that they outlined the axon initial segments (Fig.
1B-D). Such obvious examples as those illustrated were
rarely found, because the axon initial segments were only
occasionally parallel with the surface of the section and so
they soon left the zone well penetrated by antibodies.

Synaptic connections of the GAD-positive
varicosities with the pyramidal cell bodies andl
axon initial segments
At the electron microscopic level it is not always eiisy
unequivocally to identify the cell bodies of pyramidal neurons. It is even more time-consuming to find small structures like axon initial segments which come from identified pyramidal neurons. Therefore, correlated light and
electron microscopy was used to examine cells at the ultrastructural level that had first been studied and plhotographed in the light microscope. This approach has
already provided valuable information in previous imniunocytochemical studies (Somogyi and Takagi, '132;
Somogyi et al., '82a,b,c; Takagi et al., '83; Bolam et id.,
'83b).
Cell bodies. Twenty light microscopically identif led
pyramidal cell bodies from layers 11-111 and IV were
studied at the electron microscopic level (Figs. 1, 2). More
than 90% of the 142 GAD-positive varicosities surrounding these perikarya were found to be vesicle-containing
boutons that were in symmetrical (Gray's type 11)synaptic
contact with the cell membrane. A few such terminals were
found to be interconnected by fine immunoreactive fibres,
suggesting that some afferent fibres provide multiple
GAD-positive synaptic contacts to a single perikaryon.
The boutons were distributed around the whole soma; no
particular accumulation of boutons was detectable at any
part of the perikaryon, including the axon hillock. No unequivocal synaptic contacts involving nonimmunoreactive
boutons were found on the same pyramidal cell perikarya
that received GAD-positive boutons, but none of the cell
bodies studied was completely reconstructed, because the
diameter of a pyramidal neuron is usually more than 15 pm
and the antibody penetrated less than 10 pn. Even at levels more than 5-6 pm below the surface, presumed falnenegative boutons (i.e., those which contain GAD but are
not stained because of the lack of penetration of antibodies) could be found.
Axon initial segments. Six light microscopicallyidentified axon initial segments originating from pyramidal neurons were studied at the synaptic level. Besides their characteristic position at the base of the neurons, they can be
recognized (Fig. 2C,D) on the basis of their unique ultrastructural features (Palay et al., '68; Peters et al., '68).
None of the axon initial segments was completely reconstructed, but some were followed in serial sections for a
distance of up to 50 pm from their origin. Almost every one
of the 68 boutons in synaptic contact with those parts (of
the initial segments that were examined were GAD-positive. On each initial segment only one or two boutons were
found not to be immunostained; these were all deeper than
4-5 pn from the surface of the section and they had the
same ultrastructural features as GAD-positive boutons.
The synapses were very similar to those on the perikarya, because they also were symmetrical (Gray's type
11),had the same type of vesicles, and the distribution of
the immunoperoxidase reaction endproduct was also very
similar (Fig. 2B-D). The distribution of synapses along the
initial segment was nonuniform because their density increased distally, particularly after the first 10-15
from
their origin.

Combination of Golgi impregnation and GAD
immunohistochemistry
The immunocytochemical staining for GAD in the cortex reveals only perikarya and boutons; thus the morpho-
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Fig. 1. Light micrographs of 80-pm-thick coronal sections of the cat visual cortex incubated to reveal GAD immunoreactivity. The sections had
been fixed in OsO, and were used subsequently for electron microscopy.
A. Low-power micrograph of lower layer 111, upper layer IV,showing several pyramidal neurons (p)surrounded by GAD-irnmunoreactive terminals
(black dots). In fortunate cases, if the axon initial segment (IS)and the apical dendrites (ad)are also in the plane of the micrograph within the limited
penetration zone of the antibody, they also appear to be surrounded with
GAD-positive boutons. Two immunoreactive perikarya Is)are also visible;
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these are also surrounded by GADcontaining terminals. B-D. Highermagnification light micrographs of the same area (the cells in B are also
shown in A). showing the distribution of GAD-immunoreactive varicosities
on different parts of pyramidal neurons (p)in more detail. The perikarya,
apical dendrites (smallarrows),and the axon initial segments (largearrows)
appear to be in contact with GAD-positive varicosities. One GAD-positive
neuron (s) is also surrounded by GAD-immunoreactive terminals (D).The
pyramidal neuron (pJ in D is shown at the electron microscopic level in Figure 2A-C. Scales: A, 20 @; B-D, 10 @.
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Figure 2
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logical classification of neurons, and the unequivocal identification of the type of neuron to which any individual
terminal belongs, is not possible with this method alone. I t
is only possible to correlate the findings with those in separate Golgi studies; thus the evidence obtained is indirect.
In order to provide direct evidence for the origin of GADcontaining boutons in synaptic contact with axon initial
segments of pyramidal neurons, we combined Golgi impregnation with immunocytochemistry in the same material. In spite of many attempts, using five cats and 12 rats,
we have so far only found a single example of a Golgi-impregnated axoaxonic cell in the visual cortex which occurred close enough to the surface of the section so that
some of its processes were present in the zone containing
GAD-immunostained structures. The rarity of this finding
arises, first, because axoaxonic cells are rarely impregnated in Golgi studies and, second, because the GAD antibodies do not usually penetrate more than 5-10 pn below
the surface of the section.
In one adult cat, a Golgi-impregnated axoaxonic cell was
found in layer 11, and most of its dendrites were in layer 11,
forming an upper bunch, but some of them reached layer I
(Fig. 3). None of the impregnated dendrites went in the direction of the white matter, and this gives the cell a
strange appearance. However, chandelier (axoaxonic)cells
with similar characteristics have already been described in
the cat cortex (Szentagothai, ’73).The axon passes toward
the deeper layers in a direction nearly perpendicular to the
pia and branches into several recurrent collaterals which
give rise to many of the specific (specialised)bouton rows.
The cell body was much deeper in the section than the
zone well penetrated by the GAD antibody and so it was
not possible to show immunoreactivity in the gold-toned
perikaryon. But some of its axon collaterals forming specidised terminal segments came toward the surface of the
section, and so we looked for immunoperoxidase reaction
endproduct in these Golgi-impregnated. gold-toned boutons at the electron microscopic level. Three Golgi-impregnated, gold-toned specialised axoaxonic terminal segments in the superficial 3-6 pn of the section were tested
for immunolabelling in the electron microscope, using the
light microscopic correlation procedure. Although the
ultrastructural preservation was far from ideal in this material, it was possible to establish that all three terminal
bouton rows contained GAD immunoreactive material and
that each of the 1I Golgi-impregnated boutons examined
was positive for GAD. Four boutons belonging to one

Fig. 2. A. Electron micrograph of the pyramidal cell (P,)and its axon
initial segment (IS)in the cat visual cortex which is illustrated a t the light
microscopic level in Figure 1D. Both the perikaryon and the initial segment
receive several synapses (arrows) from immunoreactive boutons; the
framed ones Ib, and b,) are shown in B and C. B. Higher-power micrograph
of the GAD-positive bouton (b,),shown in A in symmetric synaptic contact
(arrows) with the perikaryon of the pyramidal cell (PI). C. Symmetrical
synapse (large arrow) on the axon initial segment of the same pyramidal
neuron established by an immunoreactive terminal (b?,also seen in A). The
initial segment contains some lamellar bodies and microtubular fascicles
(small arrows). D. Electron micrograph of a distal axon initial segment
(IS),which could be followed back to a pyramidal neuron that had bmn
identified in the light microscope. I t is followed by several GAD immunoreactive boutons (b),and is in symmetrical synaptic contact with one of them
(large arrow). In serial sections all of the immunoreactive boutons (b)seen
in this figure were found to make synaptic contacts with the initial segment. Note the welldeveloped undercoating of the axon initial segment
(small arrows). Scales: A, 2 pm; B,C, 0.25 pm; D, 0.5 w.
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terminal segment are illustrated in Figure 4. Each is in
symmetrical synaptic contact with the same axon initial
segment, and their double labelling is clearly visible. Such
“double-labelled”boutons were distinct from nonimmunoreactive and non-Golgi-impregnated boutons in asymmetrical synaptic contact with dendrites (Fig. 4D) and from
boutons that were only immunostained and not Golgi-impregnated (Fig. 2B-D). In the electron microscope the
Golgi-gold deposit and the immunoperoxidase reaction
endproduct can easily be distinguished (Fig. 4D-F). The
particles of the Golgi deposit are extremely electron dense,
have very sharp edges, and are scattered randomly all over
each terminal. In contrast, the HRP reaction product is
less electron dense and accumulates on the membranes of
the various organelles in the bouton, especially around vesicles and mitochondria. Apart from the gold deposit, these
terminals are very similar to those found in the sections
that were only immunostained (compare Fig. 4D-F to Fig.
2B-D).

Intracellular HRP filling and three-dimensional
reconstruction of an axoaxonic cell
All the information so far available on axoaxonic cells in
the literature (see Discussion) is drawn from Golgi-impregnated material, which has the drawback that the axon is
only partially impregnated, or is not fully developed. Thus
it is impossible to determine the full extent of the axonal
arborization and hence the full sphere of influence of such
cells. It is clear that neurons injected intracellularly with
horseradish peroxidase (HRP)in adult cats show far more
extensive axonal arborizations than is seen for similar cells
which have been impregnated using the Golgi procedure
(see review by Gilbert and Wiesel, ’81).During a large series of experiments involving intracellular HRP injections
of functionally characterized cells, we were able to recover
just one axoaxonic cell, which could be classified as such
on the basis of its characteristic bouton rows (Figs. 5-7)
and their apparent location close to the axon initial segments of pyramidal cells (Figs. 7).Unfortunately, a pyramidal cell was also injected in the vicinity of the axoaxonic
cell and so it as not possible to assign a physiological
classification to the axoaxonic cell with any certainty.
Nevertheless, the axonal ramification of the HRP-filled
axoaxonic cell was very extensive and so may have been
virtually complete. We have counted 340 terminal bouton
rows, indicating that this individual cell is in contact with
about 340 pyramidal cells. Most (330)of the terminal bouton rows were found in layer IIIIII, but the axon had a collateral that dropped down into deeper layers, where a further ten bouton rows could be distinguished (Fig. 5 ) . The
cell was cut at an angle of about 20” to its long axis.
In order to obtain more realistic views of the side and top
of the axon and dendrites, a computer-assisted reconstruction was made with the help of Dr. J. Houchin. The side
and top, or tangential, view of the HRP-filled cell after appropriate corrections for shrinkage and plane of section is
shown in Figure 6. I t is evident from the side view that the
main output of the axoaxonic cell is to pyramids whose cell
bodies lie deeper than that of the axoaxonic cell itself. The
cone shape of the arborization evident in Figure 5 is even
clearer in the side view (Fig. 6A) after correcting for the
plane of section. The side view of the dendrites (Fig. 6C)
shows some symmetry in the anteroposterior axis, which
is also evident in the tangential view (Fig. 6D). Of particular interest is the tangential view, which emphasises a fea-

Fig. 3. Camera lucida drawing of a
Golgi-impregnated, gold-toned, axoaxonic cell in the cat visual cortex, 1.he
terminals of which have been shown to
contain GAD immunoreactivity (Fig.
4B-F). The perikaryon was situated in
layer 11 with some dendrites extending
into layer I. Note that none of the impregnated dendrites pass into the deeper
layers of the cortex. The small arrow indicates the axon initial segment, and a spe
cialised terminal segment that was studied a t the electron microscopic level (Fig.
4) is indicated by a large arrow. Scale: 50

run.

Fig. 4. A. A s p e c i a l i d axoaxonic terminal segment (see also Fig. 3) consisting of
several varicosities (some of which are labelled, b,-bs) is shown at light microscopic level,
as it appears in a 90-pm-thick Golgi-impregnated, gold-toned section. Prior to the Go&
impregnation, the same section had been incubated to reveal GAD immunoreactivity.
Only a few individual immunostained bontons are visible (small arrows) as the plane of
this micrograph is a bit deeper than the zone
well penetrated by the antibody. The marked
boutons (b,-b,) are also seen at electron nucroscopic level in B-F. B.C. Low-power
electron micrographs of the row of boutons
shown in A, about five sections away froni
each other in the series, and serving as $1
guide to the correlation. The Golgi and immunostained boutons (b,-bJ, and the axon
initial segment (1S)postsynapticto them, arc
labelled. The framed areas in B and C are
shown in D and F, respectively, at higher
magnification. D. Two Golgi-impregnated
and immunostained boutons (bz,b,) are in.
symmetrical synaptic contact (large arrows:!
with the axon initial segment (IS),which re
ceives another synapse from a non-Golgi-im
pregnated but possibly weakly immuno
stained terminal (open arrow). The Golgi
deposit is easily distinguishable from the
horseradish peroxidase reaction endproduct
of the immunostaining by its black, sharply
contoured appearance; in contrast, the immunoprecipitate is gray and mainly surrounds vesicles (compare to Fig. 2B-D). A
bouton (asterisk), which is neither Golgi
stained nor immunoreactive, is in asymmetric synaptic contact with a dendrite. The
dense undercoating of the initial segment is
labelled (small arrows). E.The bouton labelled with b4 in C is visible five sections
away in the series from C. The symmetric
synapse (large arrow) is well recognisable, as
well as the Golgi and immunostaining in the
same bouton (b4). F. Higher-power micrograph of the bouton (b,)framed in C, in symmetric synaptic contaet (large arrow) with
the axon initial segment (IS).The vesicles are
pleomorphic, flattened, and densely covered
with the reaction endproduct. The undercoating (small arrows)is labelled. Scales: A, 5 p;
B,C, 1 m; D-F, 0.25m.
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ture that can also be seen in the side view: the clusteringof
the boutons to form narrow parallel stripes running approximately orthogonal to the anteroposterior axis. To
show that the clustering evident to the eye is genuine,
counts have been made of the bouton rows in layers I1 and
I11 taken along two axes. The ordinate of Figure 6B shows
the number of bouton rows contained in bins 25 p m wide
running through the full width of the arborization. The abscissa shows similar counts performed for 25-pm-widebins
running the full length of the tangential view of the arborization. The histograms thus obtained show that a unimodal distribution is obtained for counts along the abscissa whereas counts along the ordinate give three peaks
corresponding to those seen by eye.
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the latter must be among the GAD-immunoreactive boutons. In the present study on the cortex we used the same
approach and found that, within the layer well penetrated
by the antibody, all boutons in symmetrical synaptic contact with the axon initial segments of six pyramidal neurons were GAD-positive; this makes it very likely that the
cortical axoaxonic cell contains GAD.
However, cells other than axoaxonic cells have been
found to form synapses with the initial segment of pyramidal cells (Peters and Fairen, '78; Somogyi et d., '83d) and it
could always be argued that in studying GAD immunoreactivity we may have selected a particular class of pyramidal neurons that does not receive input from axoaxonic
cells. Accordingly, it was necessary to provide direct evidence that the GAD-positive boutons in synaptic contact
DISCUSSION
with initial segments do in fact come from axoaxonic cells;
Identification of t h e source of
this we have done in the present study by showing that
GAD-immunoreactive boutons in contact with
some of the terminal bouton rows of an identified Golgipyramidal neurons
impregnated cell are immunoreactive for GAD.
Our results confirm and extend earlier observations
Quantitative Golgi-electron microscopic studies on the
(Ribak, '78) that GAD-positive boutons can be found in cortex (Somogyiet al., '82a) and hippocampus (Somogyiet
synaptic contact with the perikarya and axon initial seg- al., '83e) show that the symmetrical boutons on axon initial
ment of pyramidal cells and with the apical and basal por- segments of those pyramidal neurons that receive input
tions of their dendritic tree. Various suggestions have from axoaxonic cells come almost entirely from this class
been made as to the sources of these boutons (Ribak, '78; of interneuron, and that from three to five such cells innerJones, '81; Peters et al., '82), but until now no direct vate a single initial segment. Thus, if it turns out that our
method has existed for demonstrating the source of immu- single GAD-immunoreactive axoaxonic cell is typical of
nocytochemically stained boutons. The method used in the the population of neurons in this morphological class, we
present study (Freund and Somogyi, '83; Somogyi et al., can conclude that the axon initial segments of layer I11
'83b) makes direct identification possible when the axon of pyramidal cells receive an extremely powerfuI GABAergic
a neuron can be Golgi-impregnated: This has allowed us input very largely from one specific type of interneuron.
positively to identify the source of some of the GAD-imGAD-immunoreactive synaptic boutons on the perimunoreactive boutons that are in synaptic contact with karya and dendrites of pyramidal cells. All studies so far
on Golgi-impregnated axoaxonic cells whose terminal bouthe axon initial segment of pyramidal cells.
Origin of GAD-immunoreactive terminals in synaptic tons have been studied in the electron microscope have
contact with the axon initial segment of pyramidal shown that this cell only forms synaptic contacts with
neurons. Ribak ('78) first reported the occurrence of a axon initial segments (Somogyi, '77, '79; Somogyi et al.,
GAD-positive bouton in symmetrical synaptic contact '82a, '83e,f; Fairen and Valverde, '80; Peters et al., '82). We
with an axon initial segment of a pyramidal neuron. Later must therefore look for another source for the GAD-posistudies on the rat visual cortex confirmed this finding for tive boutons in synaptic contact with other parts of the pypyramidal neurons in layer I11 and the morphological simi- ramidal cell. We did not succeed in this study in impreglarity between such boutons and those of Golgi-impreg- nating by the Golgi method any axons that were in contact
nated axoaxonic cells led to the suggestion that the axo- with the perikarya or dendrites of pyramidal cells and so
axonic cell uses GABA as its transmitter (Peters et al.. cannot unequivocally identify their source. It has been
'82).Further evidence has come from studies on the cat hip- suggested previously that the basket cells of the cortex
pocampus (Somogyi et al., '83f), where the quantitative and hippocampus are the source of GAD-positive boutons
analysis of the synaptic input to axon initial segments on pyramidal cell perikarya (Barber and Saito, '76; Stormshowed that 92% of the synapses on 19 axon initial seg- Mathisen, '77; Ribak, '78;Ribak et al., '78; Jones, Bl), Howments were positive for GAD. Thus, if these initial seg- ever, it has not been possible in earlier studies on the corments receive input from axoaxonic cells, the terminals of tex to exclude that the GAD-positive boutons come from
other types of interneuron, such as the multipolar cell with
smooth dendrites of Peters and Proskauer ('80). We are
now able to provide strong evidence in support of previous
Fig. 5. Camera lucida drawing of an axoaxonic cell in the cat's visual
speculations that the basket cell is GABAergic since our
cortex that had been filled with HRP by iontophoresis. The perikaryon
finding that more than 90% of the boutons which were in
(shown on the right) is in layer 11. The dendrites, which appear very varisymmetrical synaptic contact with the perikarya of 20 pycose (probably a fixation mtifact), are mainly distributed radially. The
main axon (drawn separately, but a t the same level in the cortex) passes
ramidal neurons were immunoreactive for GAD means
through all layers below layer 11; it gives rise to about 330 specialised terthat most, or all, cell types forming symmetrical contacts
minal segments through its axon collaterals in layers I1 and I11 (some of
with the soma are GABAergic. If we assume that some of
these are illustrated in Fig. 7). and to occasional segments in layer IV and
these pyramidal cells received input from basket cells,
10 in layers V-VI. The axon is not completely revealed in the deeper layers
as it became too faint to follow. The thin collaterals that connect the termithen such basket cells will almost certainly be GABAergic.
nal segments are not shown on this drawing because they would have made
This
is consistent with the similar morphology of the
i t very difficult to see the distribution and density of the terminal varicose
GAD-positive axosomatic boutons to those of basket cells
segments. The broken lines marked with X and Xindicate the common part
identified following intracellular iontophoresis of HRP
of the axon, which had to be drawn in two separate parts. The layers of the
cortex are also indicated. Scale: 100 p m .
(Martin et al., '83; Somogyi et al., '83d).
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Fig. 7. Light micrograph of part of the same HRP-filled axoaxonic cell
shown in Figures 5 and 6. The sections were processed for conventional
light microscopy to reveal HRP activity: the section shown in B was also
Nissl stained. A. Some of the specialised terminal bouton rows of the axoaxonic cell in layer I11 are indicated (arrows).The larger deposits of reaction product, mostly out of focus, come from the oxidation of the substrate
by erythrocytes in small vessels. €3. Higher-power light micrograph of
two of the terminal segments of the axoaxonic cell in a section counter-

stained by the Nissl stain. One of the terminal segments clearly Lies a t the
base of a pyramidal neuron (P),in the position where the axon initial seg
ment would be expected to occur. The small arrows show the varicosities of
the terminal segment and &helarge arrow the site of origin of the initial segment of the axon of the pyramidal neuron. The shadow of the apical dendrite (ad)of the pyramidal neuron is also just visible. The second terminal
segment is indicated by an open arrow. Scales: A, 50 p;B, 10 p.

I t is noteworthy that varieties of basket cells which have
been identified by Golgi impregnation (DeFelipe and
Fairen, '82) or by intracellular filling with HRP (Kisvhrday
et al., '83; Martin et al., '83; Somogyi et al., '83d) formed
multiple synaptic contacts not only with the perikaryon
but also with the basal dendrites and the proximal and distal portions of apical dendrites. Thus, some of the GAD-

positive boutons which we found in apparent contact with
the apical dendrites of pyramidal neurons (Fig. 1A,B)
could also be the terminals of basket cells.
It should be realised that we have used the term "pyramidal neuron" to describe those cells that show some of the
typical morphological features of the pyramidal cell, i.e., a
pyramidal-shaped soma, lacking in axosomatic asymmetric synapses and having an apical dendrite directed toward
the pia. In another study (Somogyi et al., '83b) we have
shown that GAD-immunoreactive boutons can be found in
symmetrical synaptic contact with the cell body of an identified, Golgi-impregnated pyramidal neuron in layer I11 of
the cat's visual cortex. Using the same approach it will now
be possible to analyse the input to different classes of pyramidal cells. I t remains to be established whether the
various morphologically or physiologically distinct types
of pyramidal cell differ in their GABAergic afferent
terminals.

Fig. 6. Diagrams showing computer-assisted rotated views of the axon
and dendrites of the HRP-filled axoaxonic cell. A. Side (parasagittal)view
of the distribution of bouton rows. Asterisk indicates position of cell body.
Cortical layers are indicated and the stereataxic axes are the same a s for
(C),A = anterior, D = dorsal. B. Top (tangential)view of the bouton rows
found in layers I1 and 111.Asterisk marks position of the cell body. Axes a s
shown, A = anterior, M = medial. The histograms give the counts of the
number of bouton rows contained in 25-p-wide bins extending the full
width or length of the arborization. Counts made along the full length of the
arborization (corresponding approximately to the anteroposterior axis)
give a monomodal distribution (abscissa)while counts made across the full
width of the arborization (correspondingapproximately to the mediolateral
axis)show three peaks (ordinate)which correspond to the stripelike clusters
of bouton rows seen by eye. The bar on the axes gives the scale for ten bouton rows. C. Side @arasagittal)view of the soma and dendritic tree. D.
Top (tangential)view of the soma and dendritic tree, A = anterior, L = lateral. All views are shown a t the same scale. The bar below (A) = 100 p m .

Spatial distribution of terminal fields of the
axoaxonic cell
The target pyramidal cells of the HRP-filled axoaxonic
cell occupy an area of 400 p m along the anteroposterior
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axis and 200 p m along the mediolateral axis, and thus '83d): that they may be involved in intercolumnar inhibicould be contained within a single ocular dominance col- tion and could subserve several aspects of receptive field
umn (Schatz et d., '77). The distribution of boutons in the specificity, such as orientation, directionality, velocity
supragranular layers also shows some evidence of cluster- tuning, and end-inhibition.
Some physiological evidence for two distinct inhibitory
ing; the clusters appear as stripes 50 pn wide, running at
approximately 90" to the border of areas 1 7 and 18, as do systems emerges from the data of Sillito ('79),who examthe orientation and ocular dominance columns (Schatz et ined the responses of inhibitory processes in complex cells
al., '77; Albus, '79; Singer, '81). The interval between the at high levels of discharge. The cells he examined were lostripes is about 100 p m , a spacing that does not correspond cated in laminae 11, 111, and V and therefore his sample
to any known columnar system. However, the clustering probably contained a high proportion of pyramidal cells.
raises the further possibility that there are inhomogenei- At resting levels of spontaneous discharge the cell being
ties in the weighting of the axoaxonic cell's input M super- recorded was maximally inhibited when the stimulus was
ficial layer I11 pyramidal cells, which may relate to the presented at a nonoptimal orientation. If the baseline level
threshold level for firing in pyramidal cells or to the intra- of firing was raised by visual stimulation, then powerful
inhibitory effects were seen when the stimulus was precortical axonal projections of the pyramidal cells.
sented at all orientations, including the optimal oriPossible functional implications
entation. This nonspecific inhibition could be due to the inThe cell body and the axon initial segment of a projec- fluence of the axoaxonic cell, which may have a high
tion neuron are the two most strategic sites for the control threshold for activation.
If the axoaxonic cell and basket cell are indeed subservof action potential generation and of the output from the
neuron. Our results are pertinent to two questions concern- ing different inhibitory functions, then it seems likely that
ing this control: First, what is the nature of the neurotrans- their activities would be coordinated in some way. Three
mitter@)of the boutons forming synapses on these sites possibilities come to mind: Postsynaptic pyramidal cells
and, second, what is the significance of the separate origin might be freed from all inhibition as a consequence of simultaneous lack of input from their afferent basket cells
of the afferent input to each of these sites?
Transmitter of boutons on the soma and initial segment. and axoaxonic cells; they might be controlled selectively
The use of GAD as a marker for putative GABAergic neu- by basket cells, while the axoaxonic cells remain inactive;
rons is well established (Fonnum and Storm-Mathisen, '78) finally, there might be situations when, regardless of
and so our finding that the great majority of boutons in whether or not the basket cell input is operating, the mrosymmetrical synaptic contact with both the cell bodies and axonic cell could inhibit output from the cell.
What is the function of the axoaxonic cell? If the mcothe axon initial segments of pyramidal neurons in layer I11
are immunoreactive for GAD is evidence that the neuro- axonic cell is not involved in producing any of the specific
transmitter at both sites is GABA. Since there is good evi- properties of receptive fields, then three possibilities may
dence that GABA causes inhibition in the visual cortex, be considered: first, a role in transcallosal function; second,
the most likely action of GABA released from the axoso- a role in the supragranular control of deep cortical layers;
matic and axoaxonic boutons will be to inhibit the firing of third, a role in the geometrical shaping of groups of pyramthe pyramidal neuron and/or the propagation of impulses idal neurons that are functionally related.
Peters et al. ('82) suggested that axoaxonic cells might
along the axon.
Selective innervation of pyramidal cells by the axo- be involved in controlling the transfer of informatian
axonic cell in relation to receptive field properties. In through the corpus callosum. This is consistent with the
spite of evidence that axoaxonic cells only appear to inner- finding that pyramidal cells in layer I11 of the rat's visual
vate pyramidal neurons, as shown by all the Golgi-electron cortex that were labelled retrogradely by HRP from the
microscopic studies so far and by the much lower density contralateral visual cortex receive input from axoaxoriic
of synapses on initial segments of nonpyramidal neurons cells (Somogyi et al., '79).
The supragranular pyramidal cells (i.e., those occurring
(Peters and F a i r h , '78; Sloper and Powell, '79; White and
Rock, 'SO), studies of the receptive field properties of neu- above layer IV) are not only the output cells to other cortirons that were subsequently morphologically identified cal areas, but can have a strong, probably excitatory, input
(Gilbert and Wiesel, '79, '81; Lin et al., '79; Martin and to the infragranular layers (i.e., those below layer IV) of t he
Whitteridge, '81)have failed to show a unique property of cortex (Henry et al., '79; Mitzdorf and Singer, '78; Lund,
pyramidal neurons compared with nonpyramidal cells. '81).Thus, inhibition of the output of the pyramidal cells in
Furthermore, since all layer IUIII pyramidal neurons superficial layers by axoaxonic cells, which may be graded
probably receive axoaxonic input but vary considerably or all-or-nonein effect, would markedly influence the furtcin their degree of end-inhibition (from nil to 100%;Gilbert, tioning of the infragranularlayers. The deep layers contain
'77), it is unlikely that end-inhibition is produced by many neurons that have strong intracortical projections to
the axoaxonic cell. Thus, axoaxonic cells are unlikely layer IV and to supragranular layers, as well as to subcorto be directly involved in the generation of receptive field tical structures like the thalamus and superior collicuhis
properties.
(see reviews by van Essen, '79; Gilbert and Wiesel, '81;
Significance of dual inhibitory input to pyramidal Jones, '81; Lund, '81). During different physiological
neurons in the visual cortex. Our results have identified states (e.g., sleep or arousal) it may be necessary to control
two sources of probable inhibitory control of pyramidal the output to other cortical regions and to infragranuhr
cells: the axoaxonic cell and the classical basket cell. Their and subcortical structures. Afferent excitatory inpiit
different sites of input onto the pyramidal cell and the reaching pyramidal neurons could be trapped at the level
marked differences in the tangential distribution of their of the axon initial segment by the action of axoaxonic cells
boutons suggests that they are involved in quite different if these were also excited-for example, by local stellate
functional roles.
cells receiving input from the lateral geniculate nucleus.
We have speculated elsewhere as to the functional signif- Somatic and dendritic spikes could still be generated in
icance of basket cells (Martin et al., '83; Somogyi et al., cells whose principal output is blocked by inhibition at the
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initial segment. Normal receptive field specificity might
nevertheless be recorded in such pyramidal cells as a result
of control by basket cells. The net effect would be reduced
activity in the infragranular layers.
If the activity of the axoaxonic cell is state-dependent,
then this may account for its nonappearance in the literature on intracellular recording and staining in the visual
cortex (Kellyand van Essen, '74; Lin et al., '79; Gilbert and
Wiesel, '81; Takato and Goldring, '79; Parnavelas et al..
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al., '79; Somogyi et al., '82a)and by the present HRP study.
One may speculate that the collateral projections of axoaxonic cells to deep layers could be responsible for blocking the output of deep-layer pyramids which are monosynaptically driven by afferents from the lateral geniculate
nucleus (Singer et al., '75; Harvey, '80; Martin and Whitteridge, '82).
A third possible role for an axoaxonic cell is to impose a
spatial pattern on groups of layer I11 pyramidal cells by
controlling their output; this would then be reflected in
spatial patterns of excitation in the target areas of these
pyramidal cells, according to the fields of distribution of
their axons. In this respect, the three-dimensional distribution of the bouton rows, and hence of the target pyramidal cells, of the HRP-filled axoaxonic cell we have studied
is especially significant.
If these speculations about the possible functions of axoaxonic cells have any substance then, clearly, one of the
most important problems requiring morphological analysis is to determine the origin of both the specific and nonspecific afferent input to this cell type in the cerebral
cortex.
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