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presence ofaxo-axonic or chandelier ceJIs in different 
species and different cortical areas,24 ,25.36.54 .61 elec-
tron-microscopic confirmation of the specific termina
tion has been done only for the visual cortex of the 
ra t41 and cat. 8,43 

We therefore studied further the structure and dis
tribution ofaxo-axonic cells in more detail with the 
following aims: 

(a) identified axo-axonic cells were studied in the 
cortex of the most frequently used laboratory animals 
(rat, cat and monkey) to see whether they terminated 
exclusively on the axon initial segments of pyramidal 
cells in all species, and whether the structure of the 
neurons was similar. 

(b) As most data on axo-axonic or chandelier cells 
are from sensory areas and the electron-microscopic 
data are restricted to granular cortex, we studied 
whether they are present in the agranular motor cor
tex. Besides neocortex, the presence ofaxo-axonic 
cells was also investigated in paleo- and archi-cortical 
areas. 

(c) Convergence of several axo-axonic cells onto 
one pyramidal neuron initial segment was predicted 
in the rat. 41 In the present study, synapses were 
counted to obtain a numerical estimate of conver
gence in the visual cortex of cat. 

(d) Previous studies dealt only with the terminals of 
these neurons; here, we studied the structure and 
synaptic input of the perikaryon, axon initial segment 
and dendrites ofaxo-axonic cells. 

(e) Hi therto , the identification of these neurons has 
been made exclusively with Golgi staining, which is 
frequently carried out in young animals to exploit 
their poor myelination. However, the morphology 
and connections of neurons may change during post
natal development. Axo-axonic cells from a kitten and 
adult cats were therefore compared to see if structural 
changes occur. 

A preliminary report of some of the results has 
been published. 43 

EXPERIMENTAL PROCED URES 

Six adult male and female CFY-strain albino rats, two 
adult male Wistar rats, two adult male cats and a one
month-old kitten were used. In addition, blocks of tissue 
were obtained from two normal, adult , male Rhesus mon
keys (MaCC/CC/ lJ1u/atw). One of them was used in experi
ments reported previously,46 the other was used in behav
ioural experiments before it was killed for histological 
study of several brain areas. Rats and cats were anaesthe
tised with chloral hydrate (350 mg/ kg i.p.). Monkeys were 
sedated with an intramuscular injection of ketamine hydro
chloride (10 mg/ kg; Ketalar, Parke-Davis) followed by a 
lethal intravenous dose of sodium pentabarbitone Sagatal, 
May and Baker). All animals were perfused through the 
heart with 0.9% saline followed by Cl fixative containing 
0.5-2.5% glutaraldehyde (TAA B) and 1-4~~ paraformalde
byde (T AAB) dissolved in 0.1 M sodium phosphate buffer 
(pH 7.4). 

Impregnation of any particular cell type cannot be guar
anteed with the Golgi method; therefore, it took several 
years to collect the material for the present report. Accord
ingly, cortical tissue was processed for combined light- and 
electron-microscopic study using Cl method described pre
viously,42 but with various slight modifications as reported 
in subsequent studies44.4S .4?.49 Briefly, small blocks of 
cortical tissue were washed free of aldehydes then treated 
with OS04 either before or together with the potassium 
dichromate stage of the Golgi procedure. Thereafter. the 
blocks were immersed in silver nitrate solution, and 
80-JOO flm thick sections were cut eitber by hand or using 
a Sorvall TC-2 tissue chopper. Some of tbe sections were 
dehydrated and mounted on slides in Durcupan ACM 
(Fluka) resin, overlayed with a coverslip, cured and stored. 
Other sections were mounted in pure glycerol on slides and 
some were selected and later gold-toned? as described pre
viously,44.49 but employing illumination on a Zei ss (Jena) 
microscope stage while the sections were st ill on slides.47 
The gold-toned sections were also dehydrated and stored 
in polymerized Durcupan AC M resin on slides. 

Selected cells were drawn by means of a camera lucida, 
photographed in detail in the ligbt-m:croscope and re
embedded for electron-microscopy.49 Serial ultrathin 
sections were picked up onto formvar-coated single slot 
grids and stained with lead citrate. 3 8 Uranyl acetate stain-

Table I. Occurrence ofaxon-axonic cells and/or their axons in the cerebral cortex 

Prikaryon + axol} Axon only 
Species Cortical area in layer in layer 

Rat 17 11., Ill. V., VI. 
18 n., IIl. V. 
18a n., III. 

Subiculum Stratum pyramidale 
Piriform cortex 11., Ill. 

Cat 17 Ill., V* II ., V., VI. 
18 11., Ill. 
4 m.* V., VU 

Monkey 17 H., Il l. 
18 Ill. Ill. 

* These neurons are from a kitten. 
t The specialized terminal axon segments in the deep layers were proven to 

originate from a cell in layer Ill. 
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where the bouton made synaptic contact with a spine 
(Fig. 100), the other in the striate cortex of rat con
tacted a large dendrite in addition to the initial seg
ment. It is conceivable that the specialized axon por
tions make synapses with initial segments but that 
other boutons of the axo-axonic cell may contact den
drites, perikarya, etc. Although lone varicosities are 
rare in the identified axons, we examined some with 
the electron-microscope. These boutons, too, made 
synapses solely with axon initial segments (Figs 
16A, B, D). 

Which pyramidal cells receive input from axo-axo
nic cells? As the outlines of pyramidal neurons can be 
seen in osmicated material it was possible to establish 
that within the axonal field of an impregnated axo
axonic cell not all pyramidal neurons are supplied at 
their base with specialized terminal axons. Especially 
at the periphery of the axonal arbor, many pyramidal 
neurons are not innervated. 

As none of the axons could be reconstructed com
pletely, the number of specialized terminal axon seg
ments from each axo-axonic cell and the number of 
pyramidal cells they innervate are presumably much 
higher than we could observe. The highest number of 
pyramidal neurons receiving input from one axo-axo
nic cell was in the motor cortex of the kitten where 
166 terminal segments were counted (Fig. 13). In the 
visual cortex of the cat 67 terminal segments were 
traced from one axon (Fig. lOA). The other cells were 
so incompletely displayed that we did not count the 
terminal segments. 

Convergence of Gxo-axonic CI!lIs 011 pyramidal neurons 

Once a neuronal process is impregnated, the Golgi 
precipitate usually extends to the limiting membrane 
and fills it completely. This means that every bouton 
arising from one terminal axon segment is impreg
nated and that the non-impregnated boutons in 
synaptic contact with the same initial segment orig
inate from other neurons. Assuming that all or most 
boutons on one initial segment are from axo-axonic 
cells and that only one of the latter will usually be 
stained, the reciprocal of the fraction innervated 
should roughly indicate the number ofaxo-axonic 
cells converging onto one pyramidal neuron. The data 
shown in Table 3 are based on serial sections of three 
pyramidal cell initial segments in the striate cortex of 

Table 3. Synapses on axon initial segments of three pyra
midal neurons that were derived from a single axo-axonic 

cell 

Pyramidal cell 
axon initial 

segment 

I. 
2. 
3. 

No. of synapses 
received from 
impregnated 
axo-axonic 
cell No. 11 

8 
8 
8 

Total No . of 
synapses 
received 

44 
42 
44 

Ratio 

5.5 
5.3 
5.5 

Number of synaptic contacts on the axon initial seg
ments of three layer III pyramidal neurons which received 
input from a Golgi-impregnated axo-axonic cell (No . 11 in 
Table L see also Figs 6. 7) ill the striate cortex of the cat. 
Synapses were counted in uninterrupted series of electron
microscopic sections. 

the cat. A gold-toned axo-axonic axon was chosen in 
order to facilitate the recognition of all synaptic con
tacts of the impregnated boutons (see F igs 8B, C, E). 
A fu rther reason for studyi ng this axon was that its 
origin from a local cell was established (F ig. 6). T he 
three term inal axon segments were chosen because all 
three could be included in the same section series. The 
plane of the sections was oblique to the initial seg
ment, which meant cutting more sections bu t made it 
easier to identify synaptic contacts above or below the 
initial segment. It can be seen that a convergence of 
about five axo-axonic cells occurred. T his number is 
only a first approximation, of course, because it is not 
known yet whether the converging axo-axonic cells 
contribute equally to the innervation of the target in
itial segment. It should be noted that the same axon 
arborization may provide simple bouton rows con
sisting of 3-5 varicosities as well as more complex 
ones built up of as many as 10-12 varicosities. 

Other evidence for convergence is tbat when the 
axons of several axo-axonic cells are impregnated in 
the same region the terminal bouton rows on the in
itial segment of pyramidal cells become more complex 
and thicker (F ig. I A). 

Differences in the morphology ojo'\o-o.'(onic cells in the 
kitten und the cat 

One cell in the visual cortex (Fig. 11) and another 
in the motor cortex (Fig. 13) of the same kitten were 

Fig. I. Golgi material from the rat's visual cortex. (A) Light-micrograph of layers 1-111, illustrating 
axo-axonic cell axons which are often impregnated together, without the parent neurons. Some single 
narrow (arrow) and thickened dual (double arrow) terminal axon segments are labelled. (B-O) Electron
micrographs of pyramidal cell axon initial segments (IS) with their accompanying impregnated (black) 
axo-axonic cell bouton rows of cell No. 2 in Table 2. (B) Convergence of impregnated and 110n
impregnated (asterisk) boutons. (C) Convergence of similar boutons onto a spine found in serial sections 
to originate from the initial segment. (D) An axon spine (S) receives a symmetrical synapse similar to 
those on the initial segment. co , cisterna I organelle ; mf, microtu bule fascicles; r, ribosomes; small 

arrows, membrane undercoating ; large arrows, synaptic contacts. Scales: A, 100 ,urn ; B-O, 0.5 flm. 
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Fig. 2. Camera lucida drawing of Golgi-stained, gold-toned axo-axonic cells (No. 4 and 5 in Table 2) in sagittal sections of the rat's primary visual 
cortex, with their perikarya in layer II. Arrows indicate the origin of the axons. Scale: 50 .um. Horizontal bar marks boundary between layers I and II. 
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Fig. 3. (A) Ca mera lucida drawing of part of an axo-axonic cell axonal field in layers II and HI of the 
rat 's piriform cortex. Horizontal section, Cell No. 6 in Table 2. The terminal segments are aligned 
parallel with the axons of pyramidal neurons (dotted). (8) Light-micrograph of the terminal axon 
segments (arrows) in the piriform cortex. (C) Light-microscopic montage of an axon a rbor with the 
characteristic terminal bouton rows (arrows) in the subiculum (No. 7 in Table I) of the rat. Scales: A, 

50 tlm ; 8 and C, 25 tlm. 
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Fig. 4. Axo-axonic cell (No. I in Table 2) in layer III of the primary visual cortex of the rat. (A) 
Light-micrograph of the perikaryon with descending spiny (small arrows) dendrites. Large arrows in (A) 
and (B) indicate the same terminal axon segments of this neuron. (B) Electron-micrograph of the 
partially-impregnated perikaryon. Open arrow marks intranuclear rod. (C) Bouton containing pleomor
phic vesicles (asterisk) makes symmetrical contact with the perikaryon or the same neuron. (D and E) A 
spine (s) and a dendritic shaft (d) or the same neuron, both receiving synapses (arrows) from boutons 

containing predominantly ovoid vesicles. Scales: A, 10 lim; B, I pm; C 0.5 pm; O- E, 0.2Iim. 
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o 
Fig. 5. (A-C) Rat, primary visual cortex. (A) Gold-toned terminal axon segment of an axo-axonic cell in 
layer III , No. 3 in Table 2. One bouton (b) is seen to make synaptic contact (arrow) with an initial 
segment (IS) in (C). The identified bouton contains flattened, pleomorphic vesicles similar to those in 
other boutons ma king symmetrical synaptic contacts. Such a bouton is shown in (B) to make a synapse 
(arrows) with an apical dendrite (ad) of a pyramidal neuron. Identified axo-axonic cell boutons made 
synapses only with initial segments. (O-E) Monkey, striate cortex. (0) Golgi-stained axon (No. 12 in 
Table I) in layer 11 with the specialized terminal axon segments (arrows). Open arrow indicates a bouton 
shown also in electron-micrograph (E) to make synaptic contact (arrow) with the axon initial segment of 

a small pyra midal neuron. Scales : A and 0 , 10 pm; B, C and E, O.2pm. 
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Fig. 6. Camera lucida drawing of a gold-toned c!xo-axo nic ce ll in the primary visual co rtex (area 17, la yer 
III) of the cat (No. II in Table 2). The axon, originating (asterisk) from the lower ma in dendrite ends 
abruptly (star), suggesting the beginning of mylin shea th . Three terminal axon segments (arrows) were 

studied q uantitati ve ly (Table 3) Scale, 50 pm. 

Fig. 7. (A) Light-micrograph of the sa me neuron as in Fig. 6. The origin of the axon (asterisk), two of the 
terminal bouton rows (arrows), and a dendrit e are labell ed. (8) A third speciali zed terminal portion is 
built up of two independently ori ginating segments, both co nverging on the axon of th e sa me pyramid al 
cell (P). Note that even single boutons of the axo-axo nic ce ll ga th er in to vertical ro'vvs (s mall arrows). (C) 
El ec tron-micrograph or the perikaryon. A bouton (b) is shown in (D) at high magnifi ca tio n in Cl consec u
tive section . It forms asymmetrical sy naptic co ntact (arrow) and makes another synaptic co ntact with a 
spine (s). (E) Electron-mi crograp h of the dendrite (d) show n in (A). Numerous boutons (as terisk) estab
li sh synapses with th e dendr ite. and they contain predominant ly ovoid ves icles. Scales: A and B, 10,lm ; 

C I Jlm ; D and E. O.S/tm. 
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Fig. 8. Same axo-axonic cell as in Figs 6 and 7 in the striate cortex of the cat. Correlated light (A) and 
electron-micrographs (B and C) of two boutons (b l and bz) from a terminal axon portion making 
synapses (large arrows) with an axon initial segment (IS). This initial segment received eight synapses 
from impregnated and 34 synapses Crom non-impregnated boutons. (D) Convergence of impregnated 
and non-impregnated (asterisk) boutons onto the same initial segment (IS). (E) Symmetric synaptic 
contact (arrow) by identifled axo-axonic cell bouton. Note small Aattened and pleomorphic vesicles in 

the gold-toned boutons in Figs C- E. Scales: A. 10pm; B, I pm; C-E, 0.5 pm. 
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Figs 9-10. Cat striate cortex. (9A-IOC) Correlated light (9A) and electron-microscopic (9 8. C; 108. C) 
identification ofaxo-axonic cell (No. 10 in Table 2) terminal bouton rows. The axon. traced from two 
sections, is shown in drawing Fig. lOA arborizing in layers II-III. Star indicates the origin of the axon. 
(9A) Terminal axon segments (arrows). two of which (1.2) are shown at the electron-microscopic lev,el in 
(B) where they follow axon initial segments. The initial segment at No. I was found to originate from a 
pyramidal cell (P) and received synapses from the impregnated boutons (framed area shown in lOB) 
before it entered its myelin sheath (m). (9C) The same initial segment as framed area No. 2 in Fig. 9A. 
but two sections apart. Synaptic contact in framed area is shown in Fig. 10C. (lOB, C) Higher magnifica
tion pictures of synaptic contacts (arrows) on pyramidal cell axon initial segments (IS) shown in Fig. 9. 
(100) An initial segment originating from a pyramidal cell (PC) receives a symmetrical synapse (arrow) 
from a bouton (asterisk) making a similar synapse with Cl spine (s). The spine was not connected to the 
initial segment and also receives an asymmetrical synapse from another bouton (star). Scales: 9A, 10 flm; 

98. C. I pm; 10 A, 50 pm; 108-0,0.2 pm. 
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Fig. 11. Drawing of an axo-axonic cell from the visual cortex of the kitten. (No. 9 in Table 2.) The perikaryon with the dendrites (A) is shown 
separately from the axon (8) and both are from the same section. Asterisk marks the main axon trunk , which ends abruptly (arrow). (C) Part of the 
axon in the adjacent section. (D) Position of the neuron (dot) and the axonal field (dotted line) between the pia (p) and the white matter (wm). 

Scales: A-C, 50 ,um; D, 100 ,um. 

Fig. 12. Same neuron as in Fig. 11 . (A) Light-micrograph of the axon plexus. Note the profuse branching and the hairy appearance of the terminal 
segments. (8) Light-micrograph of an axon branch traced at the electron-microscopic level. Two branches (1 , 2) climb around a pyramidal neuron 
(P), No. 1 descends along the initial segment, and was found to make synaptic contacts on it. One of the synapses (arrow) established by bouton b, 
is shown in (C) along with a non-impregnated synaptic bouton (asterisk). The other branch (2) ends in a brush like a growth-cone (asterisk). A 
third branch (3) forms typical terminal segment, (D) An ini.tial segment (IS) receives synaptic contacts (arrows) from the impregnated bouton of the 

same neuron and from another bouton (asterisk). Scales: A, 50 Jlm ; 8, 10 flm. C and D, 0.5 flm. 
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Fig. 14. Same neuron as in Fig. 13. (A) Photomontage of the perikaryon with some of the dendrites and 
terminal axon segments (arrows) in layer Ill . (B) Network of terminal axon segments in layer Ill. Note 
the fuzzy appearance and complexity of the specialized axon portions. (C) Three specialized axon 
segments with numerous filopodia and finger-like processes (arrows). (D) Electron-micrograph of a 
Golgi-stained terminal axon segment establishing synaptic contact with an initial segment (IS) of a 
pyramidal neuron. Framed area is shown in (E) at higher magnification . Large arrow indicates synaptic 
contact, small arrow marks membrane undercoating. Scales: A, B, 25,um; C, 10 {lm; 0, I ,urn; E, 0.2 {lm. 

Fig. 13. Drawing of an axo-axonic cell (No. 8 in Table 2) from the motor cortex of the kitten (area 4, 
sagittal section). The perikaryon and the bulk of the axon (red) is in layer Ill, but a column of axon with 

specialized terminal segments descends to layer VI. p = pia; wm = white matter. Scale: 50 pm. 
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Fig. 15. Drawing of an axo-axonic cell (No. 13 in Table 2) with part of its axon (red) in 'the posterior lip 
of the lunate sulcus (area 18, V 2) in the rhesus monkey. The axon (red) originates from the lower main 

dendrite and terminates in specialized segments in layer Ill. Scale: 50 pm. 

Fig. 16. (A) Drawing of an axo-axonic cell axon (No. 14 in Table 2) in cortical area 18 (V 2) of the 
monkey. Several main axon branches (arrows) end abruptly. Three of the branches (m) were found in the 
electron-microscope to possess myelin sheath . (B) Light-micrograph of a part of the same axon as in (A), 
with the same labelling. One terminal axon segment (ts) a lone bouton (b) and a collateral (c) are 
indicated. (C) Electron-micrograph of the myelinated main axons (m l , m2) and a collateral (c). (0) The 
lone bouton (b) forms synaptic contact (arrow) with an axon initial segment (IS). Double arrow marks 

membrane undercoating. Scales: A, 50 {lm; B, 10 ,urn ; C, 1 ,urn; D, 0.2 tlm. 
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perikaryon of pyramidal neurons.45 Double-bouquet 
cells made synaptic contacts with spines and dendrites 
of pyramidal and non-pyramidal neurons and with 
perikarya of non-pyramidal neurons. The remarkable 
specificity ofaxo-axonic cells for the initial segments 
of pyramidal cells is, therefore, unmatched by the two 
other types of cortical interneuron that have been 
similarly examined. 

Although all identified boutons ofaxo-axonic cells 
make synapses only with axon initial segments, the 
same initial segments bear synapses from boutons 
with similar morphological characteristics and which 
make additional synapses with nearby spines or den
drites. In the present study, two such boutons were 
found. This may raise doubt about the absolute speci
ficity ofaxo-axonic cells. However, an alternative 
explanation is that some boutons on the initial seg
ment originate from other types of interneurons. This 
explanation is supported by an earlier finding of a 
bouton originating from an identified multipolar cell 
which made Cl symmetrical synaptic contact with an 
axon initial segment34 In the visual cortex of the cat 
an identified, Golgi-stained interneuron was also 
found to make two synaptic contacts with the axon 
initial segment of pyramidal neurons, although most 
of its synapses were on the perikarya and proximal 
dendrites of the same neurons (P. Somogyi, unpub
lished observation). It is, therefore, likely that a small 
but uncertain proportion of synaptic boutons on the 
axon initial segment arise from interneurons other 
than axo-axonic cells. 

In connection with the specificity ofaxo-axonic 
cells, it should be noted that so far mainly the supra
granular layers, and to a lesser extent the infragranu
lar layers, have been studied with the electron-micros
cope. 8 ,41.43.49 We cannot , therefore, exclude the 
possibility that in those cortical areas where spiny 
stellate cells are present in layer IV. they may also be 
innervated by axo-axonic cells. In the present study, 
layer IV was not examined by electron-microscopy 
and all the initial segments postsynClptic to identified 
axo-axonic cell terminals. and which could be traced 
back to the parent cell body, originated from pyrami
dal neurons. 

Distribution ond identity of oxo-(/xOl1ic cells 

We have provided evidence for the widespread 
presence ofaxo-axonic cells among very different spe
cies and cortical areas. Furthermore, their presence 
and similar organization in paleo-, archi- and neocor
tical areas, and in both motor and sen~ory cortex, 
suggests a basic role in information processing. In 
addition, our recent finding ofaxo-axonic cells in the 
hippocampus of the monkey 50 suggests that they may 
be associated with pyramidal neurons wherever the 
latter occur. 

Axo-axonic cells can be reco:Jl1lsed only on the 
basis of their specialized axons, for neither the dendri
tic tree nor the perikaryon is sufficiently di fferent 
from those of other neurons. But or. the basis of their 

dendrites axo-axonic cells can be classified more 
generally as smooth and sparsely-spiny non-pyrami
dal neurons. The dendrites are usually organized into 
a lower and upper bunch oriented more or less per
pendicular to the pia. If only the dendrites are con
sidered, they can be called cells with bitufted or 
double-bouquet dendritic fields , in accordance with 
recent attempts to classify cortical non-pyramida l 
cells on the basis of morphological features seen by 
light-microscopy.9 .36. 62 However, the qualitative 
evaluation of dendritic arborizations does not in
variably lead to conclusive identifica tion of a neuron. 
For example, our finding that axo-axonic cells may 
have either sparsely-spiny or smooth dend rites indi
cates that the presence of some spines on the den
drites is not always Cl reliable criterion of cell type. 
Furthermore, neurons with very similar double-bou
quet dendritic trees may have completely different 
axonal arborizations. For example, the den dritic tree 
of a double-bouquet cell reported ea rlier in layer III 
of the striate cortex of the cat , and which had a verti
cally descending tight axon bundle (see Fig. I in 
Ref. 45) is qua litatively indistinguishable from the 
dendritic tree of the axo-axonic cell described here in 
the same area and layer (Fig. 6). However, it is poss
ible that subtle differences may be revealed by using 
quantitative methods such as the product- moment 
analysis successfully applied to other areas. 60 It 
should also be mentioned that chandelier cells wi th 
approximately spherical dend ritic arbors have also 
been reported .14 .24 

As pointed out earlier,45 the classification of corti
cal neurons is ideally based on their input and ou tput 
characteristics, whether the data are obtained by 
ultrastructural studies of the synaptic connections of 
morphologically-identified neurons or by physiologi
cal and pharmacological experiments, or a combi
nation of these. Unfortunately, because of the labor
iousness of this approach, classification schemes 
based only on light-microscopic characteristics or 
physiological response properties will be used for 
some time, all too often independen t of each other. 

The specioli::ed terminol oxon seyment ill differel1t 
species 

The present study shows that the organization of 
the specialized terminal axon segments is remarkably 
constant both among species and among cortical 
areas of different evolutionary position. T hus, the 
same simple rows of boutons are present in the visual 
cortex of the monkey (both V I and V 2) and in the 
subiculum or piriform cortex of the rat. 

This finding is at variance with earlier reports of an 
evol utionary trend towards more complex termi nal 
axon segments. 6.8 However, the earlier study in the 
cat 8 used young animals, whereas our neurons in the 
cat and monkey, with similar terminal segments as 
those of the rat, were from adult animals. Thus, a 
likely explanation for more complex termina l seg
ments in previous reports6.8 .

2 5 is the age of the ani-
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same territory and collectively innervate all the pyra
midal neurons. Another possibility is that only some 
pyramidal neurons receive this input. Pyramidal 
neurons can be classified according to their projection 
areas. By combining Golgi staining and retrograde 
transport of horseradish peroxidase it was shown that 
pyramidal neurons projecting from the visual cortex 
to the contralateral hemisphere receive input from 
axo-axonic cells in the ra1. 49 Future studies, using the 
same technique with peroxidase injections in other 
target areas, could show if pyramidal neurons project
ing elsewhere also receive axo-axonic cell input. 

Divergence and convergence in th e connections ofaxo
C/xonic cells 

The total number of pyramidal cells contacted by 
one axo-axonic cell cannot be reliably determined 
because of technical difficulties with the Golgi 
method. The J 66 and 67 specialized terminal seg
ments on one axon in the motor and visual cortex, 
respectively, indicate only part of the population of 
pyramidal neurons reached by these two cells, 
because many axon collaterals could not be unmis
takenly followed in neighbouring sections. Neverthe
less, the numbers are of the same order of magnitude 
as obtained for an axo-axonic cell in the hippocampus 
of the monkey, where 202 termina l segments were 
traced from Cl single neuron. 50 As each terminal seg
ment represents a pyramidal neuron initial segment, 
one axo-axonic cell may innervate at least 50- 200 
pyramidal neurons, and this number may well vary 
among different cortical areas. 

It is equally difficult to determine the number of 
axo-axonic cells converging onto one pyramidal 
neuron. T he figure of five obtained in the present 
study is merely indicative because it is based on the 
minute examination of only three initial segments. It 
would be prohibitively time-consuming to examine Cl 

statistically satisfactory sample. The present study 
and a previous report 34 indicate that neurons other 
than axo-axonic cells form occasional synaptic con
tacts with the axon initial segment of pyramidal 
neurons. Thus, our assumption , in estimating conver
gence, that all synaptic contacts derive from axo-axo
nic cells, introduces an error. The true number may 
be fewer than five in the striate cortex of the cat. 

T he number of synaptic contacts received by axon 
initial segments of pyramidal neurons in the visual 
cortex is comparable to that in the hippocampus. 21 

From 25 to 143 terminals were demonstrated on indi
vidual axon initial segments of pyramidal neurons. 
Our recent findings in the hippocampus indicate that 
most if not all of these boutons are provided by axo
axonic cells50 

The number of synaptic terminals has also been 
estimated on axon initial segments in the somatosen
sory cortex of the monkey.40 The sampling procedure 
was based on the assumption that synaptic contact 
areas are circular and that the boutons are distributed 
homogeneously on the initial segment. However, 

neither of these assumptions has been tested experi
mentally and in a previous report it was suggested 
that the number of synaptic boutons increases dista l
wards. ls In the striate cortex of the cat we found that 
synaptic boutons tend to be distributed in gro ups, an 
arrangement that also seems to be present in the hip
pocampus.21 Th is indicates that little less than com
plete reconstruction can give the total number of 
synaptic terminals. 

Axon initial segments of other neurons 

There is evidence that the initial segment ofaxons 
is not invariably or even usually a postsynaptic 
element in the eNS. Thus, the axon initial segment of 
motor neurons,3 various inhib itory interneurons of 
the cerebellar cortex, I I and the axo-axonic cells 
studied here do not receive syn aptic contacts. O n th e 
other hand , special neuron types which themselves 
have both pre- and post-synaptic dendri tic elements 
may have an initial segment which is presynapt ic as 
well as receiving a significant number of contacts. (see 
Refs 11 , 12,22). 

While the functional significance of these local 
arborizations remains to be established, it is apparent 
that in at least three disparate parts of the central 
nervous system a complex apparatus developed inde
pendently around the axon initial segment of projec
tion neurons. The three neuron types influenced by 
these structures are: the Mauthner cell of teleosts 
receiving the axon cup (see Refs 2, 29); the Purkinje 
cell of the cerebellum receiving the pinceau (see Refs 
5, 31 , 37) ; and the cortical pyramidal neurons receiv
ing the axo-axonic terminal segments. The three 
structures surrounding the initial segment differ sub
stantially in their configuration, but studies on the 
function of the first two indicate functional simi
larity. 5.10,1 8,20 Thus, the initial segment of the 
Mauthner cell receives numerous syna ptic contacts of 
the chemical type but in addition is surrounded by a 
system ofaxons, the so-called axon CUp. 2,29 The Pur
kinje cell initia l segment receives few chemical 
synapses from basket cell terminals (see Ref. 48) but is 
also surrounded by a mass of freely terminating inter
woven axon terminal plexi. s,13.31.37 In both cases the 
non-synaptic axons provide field inhibition of the 
target neurons 10, 18 and at least in the case of the 
Mauthner cell the synaptic contacts seem to evoke 
inhibitory postsynaptic potentials. I 0.1 9 This leads to 
the question: is the function ofaxo-axonic cells in the 
cortex similarly inhibitory'? 

Functiol1ul considerations 

From the very discovery of the chandelier cel1 56 it 
has been suggested that axo-axonic cells inhibit pyra
midal neurons. 8,41.43,49,52,53, 54,5 5 The suggestion 

also rests on two analogies. One concerns the Pu r
kin.ie cell and the Mauthner cell, both of which are 
inhibited by structures surrounding their axon initial 
segment.5.10 .18 ,l9 However, both structures differ sub-
stantially from the axo-axonic cell terminals around 
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the pyramidal axon. The other analogy has been 
based on the symmetrical structure of the synaptic 
contact and on the evidence that axo-axonic cell bou
tons contain flattened, pleomorphic vesicles. 41 Bou
tons with these structural features have long been 
considered to be responsible for inhibition in the 
cartex. 34,S2, S4 While the present study conclusively 
demonstrates that axo-axonic cell boutons contain 
flattened vesicles and make symmetrical synaptic 
contacts in all species examined, there is no direct 
evidence that all such boutons, whatever their origin, 
exert inhibitory influence. 

Further support for the proposed inhibitory role 
came from the immunocytochemical demonstration 
of glutamate decarboxylase (GAD), the GABA' syn
thetising enzyme, in boutons containing pleomorphic 
vesicles and making symmetrical synaptic contacts. 39 

Furthermore it was also demonstrated that at least 
some synaptic boutons on the axon initial segment 
contain GAD.39 It was recently suggested that axo
axonic cells do indeed contain GAD and are, there
fore, GABA-ergic,33 as speculated earlier. 41 ,43,49 ,S4,SS 

But it is difficult to prove this with present immuno
cytochemical techniques because of the great difficulty 
in tracing the stained axon terminals to immuno
stained neuronal perikarya. It is not sufficient to show 
that some boutons on the axon initial segment con
tain GAD; the demonstration of the origin of those 
boutons from a cell which is specific and provides 
specialized axon segments is necessary. Until this is 
accomplished, the possibility remains that the GAD
containing boutons originate from other interneurons 
establishing occasional terminals on the axon initial 
segment. Of course, if it could be demonstrated that 
all or nearly all terminals on the axon initial segment 
contain GAD, the axo-axonic cell boutons must have 
contributed. The demonstration of GAD in smooth 
and sparsely-spiny stellate cells39 gives equally little 
information about the transmitter ofaxo-axonic cells 
because these stellate cells are heterogeneous with 
regard to their axon arborization and morphology. 

Another means of identifying the neuronal type of 
GABA-ergic interneurons was introduced recently_ 
through the combination of [3H]GABA uptake and 
Golgi staining in the same material. 47 One of the 
major aims of this approach was to test whether axo
axonic cells are GABA-ergic. The procedure depends 
on successfully impregnating axo-axonic cells in an 
area of the cortex where eH]GABA has been 
injected and selectively taken up by GABA-ergic 
neurons. So far, two identified axo-axonic cells have 
been found within the area of cell labeIling in the 
visual cortex of the rat. Unfortunately neither of them 
was labelled on autoradiographs (P. Somogyi, Z. F. 
Kisvarday, T. F. Freund unpublished observation), 
although neighbouring neurons were labelled. This 
may indicate that they did not have the machinery for 
the selective, high affinity uptake of labelled GABA 
and thus that they are not GABA-ergic, but another 
possibility is that the axon of neither neuron reached 

the area where the. concentration of eH]GABA was 
high enough to result in significant labelling of the 
perikarya through retrograde transport. 

Lacking direct evidence of the transmitter ofaxo
axonic cells, the only clue to their function remains 
their striking specificity for the axon initial segment of 
pyramidal cells. The strategic location of a large 
number of synapses on the initial segment, where the 
action potential is generated, 1,4,16 suggests an influen

tial ' role. The other important point is that an axo
axonic cell can reach several hundred pyramidal 
neurons and influence them simultaneously. Thus, 
through divergence and by terminating at the most 
commanding post-synaptic point, the axo-axonic cell 
is in a position to modulate and perhaps even to 
'silence' a small patch of cortex. 

The simultaneous action ofaxo-axonic cells on 
several nearby pyramidal neurons may synchronise 
the latter, as pointed out earlier. 43 ,49 ,so The presence 
ofaxo-axonic cells in the hippocampus, an area es
pecially prone to seizures, may also indicate their role 
in synchronous discharge activity.so This suggestion 
was based on the assumption that the action ofaxo
axonic cells provides a gating mechanism for pyrami
dal neurons which are either inhibited or released 
from inhibition. 

Other influences may be more subtle. Thus axo
axonic cells may serve to change the conductance of 
the axon membrane and thereby the threshold of 
groups of pyramidal neurons responding to a particu
lar sensory quality. For example, in the visual cortex 
they could be involved in determining whether a cell 
is monocular or binocular, and in its tuned response 
to orientation, disparity, direction of movement, etc. 

At present, there is no firm evidence for these 
speculations and only direct electrophysiological 
studies of cells subsequently identified as axo-axonic 
together with cross-correlation analysis of their target 
neurons will give a definite answer. 

Note. After the manuscript was submitted a 
detailed study appeared on identified, Golgi-stained 
chandelier cells in the visual cortex of the rat. 35 a 

Peters, Proskauer & Ribak 3sa present evidence that 
glutamic acid decarboxylase is present in boutons 
making synaptic contact with axon initial segments. 
The boutons are similar to those ofaxo-axonic cells 
in containing pleomorphic vesicles and making sym
metrical synaptic contacts. 
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