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Identified axo-axonic cells are immunoreactive for GABA in the hippocampus and 
visual cortex of the cat 
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Chandelier or axo-axonic cells (AACs) are specialized interneurons terminating on the axon initial segments of pyramidal neurons. 
Two AACs have been localized by Golgi impregnation, one in the CA1 region of the hippocampus and one in the visual cortex of cat, 
for structural analysis and for the identification of their transmitter. They had 323 and 268 terminal bouton rows , respectively, proba­
bly making synapses with an equal number of initial segments. The distribution of the dendrites of the hippocampal cell was strikingly 
similar to that of pyramidal cells suggesting a similar input. Using an antiserum to GABA and postembedding GABA-immunocyto­
chemistry, developed for Golgi-impregnated neurons, both cells were found to be GABA-immunoreactive. The strategic location of 
their synapses and the presence of GABA in AACs suggest that in normal cortical tissue they play a major role in GABA-mediated in­
hibition. 

Chandelier16 or axo-axonic cells lO (AACs) are spe­

cialized interneurons that make multiple synaptic 

contacts exclusively with the axon initial segments 

(ISs) of pyramidal neurons in cortical areas1,8 ,1O,1l. 

They are thought to use GABA as a neurotransmit­

ter since most boutons contacting the axon ISs of py­

ramidal cells have been found to be immunoreactive 

for glutamate decarboxylase (GAD) the enzyme re­
sponsible for GABA synthesis9,12. Considering the 

strategic location of their terminals, AACs could 

play a major role in GABA-mediated inhibitory 

processes. However, AACs and their terminals can 

be identified only when the characteristic axon arbo­

rization of the neuron is revealed in toto by Golgi im­

pregnation or intracellular filling2,8.10,16. Thus, to 

prove that at least some of the GAD-positive boutons 

belong to AACs it was necessary to demonstrate 
GAD within the Golgi-impregnated boutons of one 

of these neurons in the visual cortex of cat2. Such di­

rect evidence has not been available in the hippocam­

pus where AACs were found only recently. 
We studied further the structural and biochemical 

properties of these neurons with the following aims: 

(1) to obtain information about the dendritic arbori­

zation and possible input of AACs in the hippocam­

pus where only a small proportion of the dendritic ar­

bor of a single cell has been published ll ; (2) to 

strengthen the evidence that GABA is the transmit­
ter of these interneurons by demonstrating GABA­

immunoreactivity in AA Cs identified by Golgi im­
pregnation, using a newly developed procedure13; 

and (3) the examination of AACs was also used to 

confirm the reliability of the method for GABA im­

munohistochemistry . 

Two adult male cats were anaesthetized with chlo­

ral hydrate (350 mg/kg), fixed by transcardial perfu-
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proicessed for Gol-

tlper()Xllja~;e method 15. An antiserum 

no. 7) was in '-Clrll",tc' 

ch:ara.ct(;m~atlon of this serum and the 'rYlt'Yll1,nr.,..."t 

chemical ",,..r,,,<>r1,,,'O used in this are described 
elsewhere3,13. 

Some sections of both cells were reacted with 

control antiserum that had been with 

GABA to beads3, Part of 
.nl"nn",,,, identified boutons of the 

sectioned for electron mi-
The were contrasted with ura-

acetate en block and the sections were 
with lead citrate. 

The neuron was drawn from a sec-
tion about 120,um thick. The cell was situated in the 

CAl Its 

zation that sp,mrlea 

from the alveus to the hnJPc)Caml)al fissure. The den­

drites emitted occasional and had branches to­

wards their ends. The axon ongUlatmg from the 

of the eloingated 
tum oriens . Its horizontal collaterals 

emitted the characteristic terminal 
ments that climbed the axon ISs of rHlr'lrn,rICl 

cells. 

zontal groups boutons were also encountered 

terminal segments were ob-

rer)reSe11ted an number 

cell axon ISs. The total 
cells contacted was nrr.hohhr 

greater since some axon collaterals cut at the 

surface of the section. 
To confirm that this neuron was in fact an 

the targets were examined in electron 

mICrC)SCOPIC serial sections. All boutons in stratum 

pYlran11aale mC:lU<:l!ng ones from 6 vertical terminal 

II contacts with axon 

The latter could be identified 

the characteristic microtubule 
neurons and 

electron-

dense membrane and cisternal orga­

neHes . The identified boutons of the AAC 

established synapses with both the shaft and the 

These latter boutons were similar to the 

identified ones and 
from other AACs 1'r.I"Hl,,·rf'<1 

dal neuron. 

One toned AAC selected from the striate 

cortex of the cat for its axon 

arborization that could be followed in three 90 ,um 

thick consecutive sections. the main axon col­
laterals and the C'lITF.r,hr"' 

3A of the axon collaterals 
the vertical, terminal segments would 

COll1pletely obscured the axon arbor. The axon 
arborization was within II and upper HI and no 

de:;cendmg collateral could be detected as with some 
of the cells2.6 . Some collaterals 

could not be followed to their but even so 268 
terminal bouton rows were observed On 
the basis of EM studies 1•9•1O this nrr,h<=lhlu 

represents the same number of n""r_'OllrlClrlT1r' nllr"' ....... L 

dal cells. AA Cs have been Q>vt"cnC""CllI 

The dendritic arbor was 

the 

poste m IJe<Wlng unlabelled enzyme 

method15 was used to show whether AACs were 
GABA-immunoreactive. The distribution of 

-lITlmUnOn~a(;tlv'lty in the cortex and 

campus has been described In 
and distribution of GABA-immu-

noreactive neuronal and terminals were in 
agreement with results obtained for GAD2.14. 

Both the nucleus and the of the GABA-
other neurons 

use GABA transmitter, such as 
were COll1plet,ely rlPIClCltnfP Both the 
np,"l<=ltnIP neurons 

immunoreactive varicosities which were also rH'''''''''T''' 
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Fig. 1. Light micrograph (A) and drawing (B) of an axo-axonic cell in the CA 1 region of the eat's hippocampus . The dendrites span all 
the layers (SM , stratum moleculare; SR, stratum radiatum ; SP, stratum pyramidale; SO, stratum oriens) from the alveus to the hippo­
campal fissure. Note vertical terminal segments of the axon (arrows) aligned with the axon initial segments of pyramidal cells . Scales: 
A, 50 ,urn; B, 100 ,urn . 
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Fig. 2. A: light micrograph of the soma of the same cell as in Fig. I, as seen in the thick Golgi section. B, C and D: semithin (0.5 ,um) 
sections of the same cell reacted with antiserum to GABA (B and C) or with the same serum pre-incubated with GABA coupled to 
polyacrylamide beads (D). Note dark peroxidase reaction-endproduct showing GABA-immunoreactivity, in the axo-axonic cell 
(open arrow) and in a nearby non-pyramidal cell (S) as well as in terminals in the neuropile and surrounding a non-immunoreactive py­
ramidal cell (P). Capillary (c) serves as correlation mark. E and F: electron micrographs of gold toned boutons of the same axo-axonic 
cell forming type 11 synaptic contacts (thick arrows) with the shaft (E) or a spine (F) of pyramidal cell axon initial segments (IS). Simi­
lar non-impregnated boutons (asterisks) converge onto the ISs. A lamellar body (small arrows in F) is also present. Scales: A-D, same 
magnification, lO,um; E and F, same magnification, O.5,llm. 
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Fig. 3. A: drawing of an axo-axonic cell in layer 11 of the cat's striate cortex. For clarity only the main branches and the bouton-bearing 
specialized terminal segments of the axon are shown . B: light micrograph of the same cell (open arrow) with some of the terminal seg­
ments (arrows) indicated. C: semi thin section (0.5 ,urn) of the same area reacted for GABA-immunoreactivity. GAB A-positive neu­
rons (e.g. arrows) including the axo-axonic cell (in framed area and also shown in D at higher magnification) are present in both layers 
I and II amongst non-immunoreactive cells (e .g. asterisks) . D and E : serial sections (0.5 ,urn) showing the GABA-immunoreactive 
axo-axonic cell (open arrow), another GABA-positive neuron (solid arrow) and non-immunoreactive pyramidal cells (P). The latter 
are contacted by immunoreactive varicosities in D . E : pre-incubation of the antiserum with GAB A coupled to a carrier prevented all 
immunostaining. The cytoplasm of the axo-axonic cell is dark due to the grey coloured gold deposit originating from the Golgi impreg­
nation. Scales: A, lOO,um; Band C, 20,um; D and E , lO,um. 
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in the and have been shown to axons 
All was 

of the serum with 

immunoreactive 
GABA3.14. 

The somata of both the cortical and the hn)P()cam­
AAC were immunoreactive for GABA when re-

acted semi thin sections C and 
Parts of the cvtoolasm 

L"''''-lllllF; from the 
nation of the cortical neu-

than that of non-im-
one2:llated cells same section. the 
dark brown reaction of the nuclei 
and the of the in 
some of the sections makes the GABA-immunoreac-

of the cells certain C and 
shows that the transmitter GABA is ~T',>c""n1 

re~;oonSlble for its SYlltheSlS. 

to the neurochemical characterization of cells 
in an where neurons with different COlll1t;Ctllvlty 
may use the same transmitter. The 
method is shown in this the aelTIOnstratJon 
in two cortical areas, of immunoreactive GAB A in 
AACs. 

The extensive vertical distribution of the dendritic 
arbor of the AAC deserves some atten­
tion because the different receive from 
different afferents. In the neocortex the afferents are 

,'P(yt'PGCllrpn to such an extent and it has been im­

what may activate AACs. The in­
I..-"'-,ClIJClVI."" conclusion from the of 1B is 
that AACs have the same dendritic dis-
tribution as the cells and are therefore 

to have access to all the available to CAl 

A. and Valverde, F., type of neuron 
in the visual cortex of cat: and electron microscope 

of chandelier cells, 1. comp. Neurol., 194 (1980) 
761-779. 

neurons. The dendrites of the 
AAC r(jrrp<;:ln(jn basal dendrites of the pyram-
idal neurons in the stratum oriens. The 

dendrites of the AAC r-r",yo.c,-,,.w,rl 

dendrite of the difference 

that are more numerous. Even the termi-
COJrreso()n(js to similar 

cells then the 
source of the 

to their function 
but the 

relative to the activation of '-'''.rr,,,~,rl,,1 

could inhibit the axon IS, 

much the 

The results show that AA Cs contain immunoreac­
tive GABA and this makes that use it as 
transmitter their terminals on the axon {Ss py­
ramidal cells, This for 
the role of AACs 
tures such as neocortex 1.2,6,8-IU, 

dentate and the Their presence in 
these areas which 
and the SO(~CIl]Cl[V 

Sll~,ceDtlble toePllerJtIC 

of their termination lead to 
SU:gg(~stlon that the abnormal function these cells 
may be related to " In this the find­

of GABA in AACs may be relevant in view of the 
of the system 

areas5, The AACs more than any other 
posltlon to control the of hun-

neurons . It re-
mains to be established if there are differences in the 
structural and functional of AACs in nor­
mal tissue and in tissue '-'''tUL''''''"" eDiie[)tic 

The authors are to Mrs. C. to 
Dr. Susan E. Rundle and to Miss S. Thomas for ex­
cellent technical assistance, The work was "'''.' ..... r' .. t''''-; 

the Research Foundation of South 
Australia Inc., the Association of South 
Australia Inc., the Children's Medical Research 
Foundation South Australia Inc" and the National 
Health and Medical Research Council of Australia. 

Freund, T. F., Martin, K. C, Smith, A. D. 
gyi, P. Glutamate decarboxylase-immunoreactive 
na1s ofaxo-axonic cells and of 

contact with pyramidal cells 



• 

of the cat 's visual cortex, 1. comp . Neurol., 221 (1983) 
263-278. 

3 Hodgson, A . J., Penke, B., Erdei, A., Chubb, I. W. and 
Somogyi, P . , Antiserum to y-aminobutyric acid. 1. Produc­
tion and characterization using a new model system, I. His­
tochem. Cytochem., in press. 

4 Kosaka, T., Axon initial segments of the granule cell in the 
rat dentate gyrus: synaptic contacts on bundles of axon ini­
tial segments , Brain Research, 274 (1983) 129-134. 

5 L1oyd, K. G., Munari, c., Worms, P ., Bossi, L. , Bancaud, 
J. , Talairach, J. and Morselli , P. L. , The role of GABA­
mediated neurotransmission in convulsive states . In E. 
Costa et al. (Eds.), GABA and Benzodiazepine Receptors, 
Raven Press, New York, 1981 , pp. 199- 206. 

6 Lund , J. S ., Henry, G. H. , MacQueen, C. L. and Harvey, 
A . R. , Anatomical organization of the primary visual cor­
tex (area 17) of the cat. A comparison with area 17 of the 
macaque monkey, 1. comp. Neurol., 184 (1979) 599-618. 

7 McDonald, J. A . and Culberson, L. J., Neurons of the ba­
solateral amygdala: a Golgi study in the opossum (Didel­
phis virginiana), Amer. 1. Anal.) 162 (1981) 327-342. 

8 Peters , A . , Chandelier cells. In A. Peters and E . G. Jones 
(Eds.) , Cerebral Corlex, Vol. 1, Plenum Press, New York, 
1984, pp. 361-380. 

9 Peters , A ., Proskauer , C. C. and Ribak , C. E., Chandelier 
cells in rat visual cortex, 1. comp . Neurol., 206 (1982) 
397-416 . 

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

149 

11 Somogyi, P ., Nunzi, M . G. , Gorio, A. and Smith, A . D., A 
new type of specific interneuron in the monkey hippocam­
pus forming synapses exclusively with the axon initial seg­
ments of pyramidal cells , Brain Research, 259 (1983) 
137-142. 

12 Somogyi, P., Smith , A . D. , Nunzi, M . G., Gorio, A . , Taka­
gi, H. and Wu, J .-Y., Glutamate decarboxylase immunore­
activity in the hippocampus of the cat. Distribution of im-' 
munoreactive synaptic terminals with special reference to 
the axon initial segment of pyramidal neurons, 1. Neurosci ., 
3(1983) 1450-1468. 

13 Somogyi, P . and Hodgson, A. J . , Antiserum to y-aminobu­
tyric acid . Ill. Demonstration of GABA in Golgi-impreg­
nated neurons and in conventional electron microscopic 
sections of cat striate cortex, I . Hislochem. Cylochem., in 
press. 

14 Somogyi, P ., Hodgson, A. l., Chubb, 1. W ., Penke, B. and 
Erdei, A. , Antiserum to y-aminobutyric acid. II. Immuno­
cytochemical application to the central nervous system, 
I . Histochem . Cylochem., in press. 

15 Sternberger, L. A., Hardy, P . H., Cuculis, l . J . and Meyer, 
H. G., The unlabelled antibody-enzyme method of immu­
no-histochemistry. Preparation and properties of soluble 
antigen-antibody complex (horseradish peroxi­
dase-antihorseradish peroxidase) and its use in identifica­
tion of spirochetes, I . Histochem. Cytochem., 18 (1970) 
315-333. 

16 Szentagothai, J. and Arbib, M. A. , Conceptual models of 
neural organization , Neurosci. Res. Prog. Bull., 12 (1974) 
307-510. 




