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Introduction and aims 

On average, every fifth neuron and every sixth presynaplic terminal in the neo-
cortex synthesizes and presumably releases gamma aminobutyric acid ( G A B A ) . 
Synaptically released G A B A is essential for limiting excitability within the cortex lo 
operational levels, to maintain the receptive field properties o f neurons in sensory 
cortex and it plays a critical role in the timing o f both subthreshold events and Ihe firing 
o f cortical cells. Postsynaptic effects o f G A B A in cortex are mediated by fast activating 
anion channels, the G A B A a receptors, and by GABAJ) receptors which activate a 
potassium conductance via a slower G-protein mediated mechanism. There is general 
agreement that near the soma mainly G A B A a receptors are activated, whereas G A B A 
iontophoretically applied to the dendrites evokes complex multiphasic responses. 

Most o f the synaptically released G A B A in cortex originates from intrinsic cortical 
neurons, which differentiated into distinct cell types that appear to target different 
compartments of the postsynaptic neuron with their terminals. Although very few 
GABAerg i c neurons have been characterised quantitatively for their postsynaptic tar-
gets, it appears thai for example, cortical basket cells innervate the soma and proximal 
dendrites, and are therefore likely to act through G A B A a receptors. The postsynaptic 
effect of neurons that innervate the dendritic domain of neocortical cells is unknown, 
although it has been suggested, mainly in analogy with results on hippocampal neurons, 
that synaptically activated G A B A u receptors arc located in the dendritic region. The 
action o f G A B A in the dendritic region is o f interest because in this domain of ihe 
neuron GABAerg i c mechanisms probably interact with other receptor mediated events 
and voltage dependent conductances specific to the dendritic region. Recently, mi-
s a p p l i c a t i o n of glutamate was used to evoke GABAerg i c responses from different 
sites in the cortex in vitro and the results suggested that G A B A a and G A B A R receptor 
mediated responses can be evoked from different sites, which was interpreted as indi-
cating that separate neurons activate G A B A a and G A B A B receptors, but the cells were 
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not identified. Thus, although there is some information about the neuronal classes that 

release G A B A and two major mechanisms o f postsynaptic responses have been found 

in cortical cells, only indirect experimental data link some presynaptic cell types and 

postsynaptic mechanisms. 

The identification o f cortical neurons evoking particular postsynaptic ef fects can 

be made by recording simultaneously from both the presynaptic and postsynaptic neu-

rons fo l lowed by the microscopic visualisation o f the pre- and or postsynaptic cells. 

Combining this method with subsequent electron microscopic verif ication o f the syn-

aptic junctions mediating synaptic interactions provides an opportunity for the rigorous 

assessment o f di f ferences and similarities in synaptic interactions. In Ihe neocortex, to 

our knowledge, only one identified and visualised sparsely spiny interneuron has been 

reported to evoke fast IPSPs in a pyramidal cell, although the sites o f interaction 

between the two cells were not determined. 

When addressing experimental questions regarding the functional properties o f 

identified G A B A e r g i c neurons, cat visual cortex appears to be suitable for two major 

reasons. First, detailed work has been done to investigate G A B A e r g i c local-circuit 

neurons whereas in the rat the equivalent cell types remain considerably less wel l-de-

fined. Second, three decades o f intense research have elucidated many o f the physi-

ological properties o f cat visual cortex. Several o f these studies have already high-

lighted the importance o f G A B A e r g i c circuits in shaping the functional characteristics 

o f cortical neurons and numerous specific models and wiring diagrams have teen put 

forward, although the majority o f them remain to be tested experimentally. 

In order to evaluate quantitative differences in the termination patterns o f cortical 

G A B A e r g i c cells and to establish the precise placement o f synapses that mediate 

identified postsynaptic ef fects we used paired intracellular recordings and subsequent 

light- and electron microscopic analysis o f the connections in the first series o f our 

experiments. W e examined how the postsynaptic effect o f identified G A B A e r g i c cells is 

influenced by the number o f synapses between pairs o f neurons and Ihe location o f 

synaptic release sites 011 the target cells. 

A f ter Ihe identification o f postsynaptic responses evoked by interneurons w e ex-

amined the activation o f cortical G A B A e r g i c cells using similar experimental proce-

dures. It is generally accepted that locally activated interneurons are essential to control 

cortical excitation and circumscript classes o f interneurons may subserve distinct 

functional roles. However , the G A B A e r g i c cell types, targeted by recurrent axon col-

laterals o f pyramidal and spiny stellate cells, are unknown. In the hippocampus, asso-

ciation o f G A B A e r g i c axons with subsets o f excitatory afferents strongly suggests a 

pathway-specific modulatory function. Not surprisingly, this apparent division o f labour 

is probably paralleled by dif ferences in the excitatory inputs and activation o f 

G A B A e r g i c neurons. Due to the geometry o f their dendrites certain types o f interneu-

rons in the hippocampal molecular layer may only be activated in feedforward manner. 

Others, such as the somatostatin and mGl i iR la-pos i t i ve interneurons, receive pre-

dominantly, if not exclusively recurrent excitatory input, whereas some cell classes, 

such as basket neurons, are presumably involved in both types o f circuit. 
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Thus, w e addressed the fo l l owing questions in the second set o f our experiments* 

Which types o f interneurons receive local excitatory feedback? Is the recurrent input 

targeted to a particular domain o f the postsynaptic somatodendri t ic surface? What are 

the properties o f recurrent unitary EPSPs? What is the strength o f individual connec-

tions? Wh ich factors contribute to the variability o f postsynaptic responses? 

Neocort ical interneurons receive input f rom pyramidal and nonpyramidal cells and 

also f rom subcortical afferents. In the experiments mentioned above, w e labeled 

synaptically coupled neuron pairs f rom slices o f the cat visual cortex. During the ana-

tomical analysis o f such biocytin f i l led cell pairs, w e found, to our surprise, that a 

signif icant portion o f the light- and electron microscopical ly detected connections was 

formed by axons originating undoubtedly f rom the parent cell. W e detected the same 

result also f rom preparations containing only one filled neuron. 

In 1972, VAN DER L o o s and Gl.ASER proposed the word autapse to describe a syn-

apse between a neuron and its own axon. In addition to their original Go lg i study in 

rabbit neocortex, possible autaptic contacts have been observed in dog and rat cerebral 

cortex, monkey neostriatum and cat spinal cord with the classical method. Several 

groups detected such self-innervating connections with intracellular markers f rom 

various brain regions, like substantia nigra, striatum and spinal cord. A l l o f these studies 

we re based 011 light microscopical observations except PITERS and PROSKAUER'S work , 

which ver i f ied an autapse on a multipolar stellate cell and a fraction o f recent data by 

LClBKE el at. on layer V pyramids from deve lop ing cortex. Autapses o f cell cultures 

have been used as model for synaptic interactions in several physiological experiments, 

but a f ew study proposed in v i v o functional signif icance for inhibitory autaptic 

innervation in the rat neostriatum and in Aplysiu buccal ganglia. 

Using intracellular biocytin labeling and correlated light- and electron microscopy, 

w e determined the exact number o f autapses 011 several neocortical cell types. W e found 

that di f ferent cortical cell types exhibit various degree o f self-innervation with a 

subcellular location ref lecting the postsynaptic target preference o f the parent cells. 

Moreove r , f i l l ing synaptically coupled cell pairs il became feasible to compare the 

number and position o f synaptic junctions 011 a g iven postsynaptic cell with that o f 

autapses established by the same presynaptic neuron. 

Ma te r i a l s and methods 

Brain slices (400 urn thick) were obtained from areas 17 and 18 o f adult cat visual cortex. Tile slices 
were transferred to a recording chamber, where they were maintained at 34-35 °C at the interface between 
oxygenated artificial cerebrospinal fluid (ACSF) and a humidified atmosphere saturated with 95% O. / 5% 
CO, Recording electrodes were filled with 2% biocytin. Putative GABAergic neurons were identified due to 
their physiological characteristics, such as short-duration action potentials followed by large amplitude fast 
aflerhyperpolarizing potentials ( fAHP). Once a stable recording had been obtained a search was made for 
cells displaying the electrophysiological properties o f pyramidal and spiny stellate neurons Synaptic 
coupling was tested using on-line spike-triggered averaging whilst eliciting firing in the iiiterncuron with 
either depolarizing current pulses or constant DC current injections 

In most of the cases, diffusion, presumably aided by depolarizing (0 -0.5 11A) cnrreni pulses 
employed during recording resulted in an adequate filling o f neurons by biocytin. Slices were fixed and re-
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sectioned at 60 |im thickness and the biocytin Tilled cells were visualised by the nvidin-biotinylaled 
horseradish peroxidase ( A B C ) method with diaitiinobenzidine as chroinogen 

Recovered cells were reconstructed from the serial 00 |im thick sections of the entire slice under a 
lighl microscope using a drawing lube I he total number of axonal varicosities in the slice, some o f them 
shown by subsequent electron microscopy to correspond to synaptic boutons. was counted during the 
drawing procedure The tissue volume containing the axonal arbour was calculated for each intcrneuron The 
• issue shrinkage factor was determined by stereotaxic injection of wheat germ agglutinin ( W G A ) followed 
by the WGA's visualization identical to that of biocylin In each case, the location of the pre- and 
postsynaptic cell in ihe central portion of the slice enabled us to perform nearly full reconstructions o f the 
dendrilic arbours. The entire somatodendritic surface o f both recorded cells was tested for close appositions 
with filled axons, each o f which were traced back to the parent soma 

Following lighl microscopic analysis, axon-rich areas were re-embedded for ultralhin sectioning I he 
sections were scanned in ihe electron microscope and all biocytin-filled axonal profiles were followed until 
they formed synaptic contacts. Since all profiles were followed and the plane o f ihe section randomly cuts 
through the axonal branches, the above procedure ensured a random sample of postsynaptic targets Each 
presynaptic terminal that was studied was completely examined in serial sections to establish the number o f 
synapses n formed. Subsequently, till light microscopically delected sites of close appositions between filled 
axons and labeled somata. dendrites or spines were tested in serial electron microscopic sections. Moreover. 
till filled somala were serially sectioned completely for electron microscopic analysis to check for the 
presence o f axonal branches which may halve been obscured by the opaque cell bodies 

We applied n /iriori and 11 posteriori cluster analysis using the postsynaptic elements as variables to 
determine ihe intcrneuron cell classes FISHER'S exact test for heterogeneity was used lo compare the 
frequency of postsynaptic elements amongst the targets of different presynaptic cells. The noil-parametric 
M ANN - WHITNEY U-test was applied to compare the properties o f the different cell types 

R e s u l t s a n d c o n c l u s i o n s 

Fast IPSPs e l i c i t e d via multiple synaptic release sites by 

d i f f e r e n t types of GABAergic neuron in the cat visual cortex 

A l l s m o o t h d e n d r i l i c c e l l s e s t ab l i shed t y p e I I s ynapses p r e v i o u s l y s h o w n t o b e 

m a d e b y t e rm ina l s c o n t a i n i n g G A B A . t h e r e f o r e the s tud i ed c e l l s a re v e r y l i k e l y 

G A B A e r g i c . T h r e e c l asses o f p r e s y n a p t i c c e l l c o u l d b e d e f i n e d , b a s e d o n the i r e f f e r e n t 

s ynap t i c target p r e f e r e n c e d e t e r m i n e d f r o m r a n d o m s a m p l e s o f u n l a b e l e d p o s t s y n a p t i c 

c e l l s , a) Basket cells ( n = 6 ) i n n e r v a t e d m a i n l y s o m a t a ( 4 9 . 9 ± 1 3 . 8 % ) a n d d e n d r i t i c 

sha f t s ( 4 5 . 2 ± 1 0 . 7 % ) and , to a lesser ex t en t , d end r i t i c sp ines ( 4 . 9 ± 4 . 6 % ) . h) Dendrite-

targeting cells ( n = 5 ) e s t ab l i shed s y n a p s e s p r e d o m i n a n t l y o n d e n d r i t i c s h a f t s 

( 8 4 . 3 ± 9 . 4 % ) a n d less f r e q u e n t l y o n d end r i t i c sp ines ( 1 1 . 2 ± 6 . 7 % ) o r s o m a t a 

( 4 . 5 ± 4 . 7 % ) . c) Double bouquet cells ( n = 4 ) p r e f e r r e d d end r i t i c s p i n e s ( 6 9 . 2 ± 4 . 2 % ) 

to d e n d r i t i c sha f ts ( 3 0 . 8 ± 4 . 2 % ) as pos t s ynap t i c e l e m e n t s and a v o i d e d s o m a t a . 

In t e rneurons f o r m e d 5 2 4 0 ± 1600 ( r a n g e 2 8 3 0 - 9 6 9 0 ) s y n a p t i c j u n c t i o n s in the 

s l i ces . B a s e d o n the d ens i t y o f s y n a p s e s m a d e b y s i n g l e in t e rneurons a n d the v o l u m e 

d e n s i t y o f G A B A e r g i c s y n a p s e s , it w a s c a l cu l a t ed that an a v e r a g e i n t e rneuron p r o v i d e s 

0 .45 ± 0 . 1 3 % o f G A B A e r g i c s y n a p s e s in its a x o n a l f i e l d . 

T h e l o c a t i o n o f s y n a p l i c j u n c t i o n s o n ind i v i dua l i d e n t i f i e d p o s t s y n a p t i c c e l l s re-

f l e c t e d ihe o v e r a l l p o s t s ynap t i c target d i s t r ibu l i on o f the s a m e G A B A e r g i c n e u r o n . T h e 

n u m b e r o f s ynap t i c j u n c t i o n s b e t w e e n pa i rs o f n e u r o n s c o u l d not b e p r e d i c t e d f r o m 

l ight m i c r o s c o p i c e x a m i n a t i o n , the n u m b e r o f e l e c t r o n m i c r o s c o p i c a l l y v e r i f i e d s y n a p t i c 

s i tes w e r e g e n e r a l l y s m a l l e r f o r the d end r i t i c d o m a i n a n d la rge r f o r the s o m a t i c d o m a i n . 
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than expected from light microscopy. A l l presynaptic cells established multiple synaptic 
junctions on their postsynaptic target cells. A basket cell innervated a pyramidal cell via 
15 release sites, the number o f synapses formed by 3 dendrite-targeting cells on 
pyramidal cells were 17 and 8 respectively, and 3 on a spiny stellate cell; the interaction 
between a double bouquet cell and a postsynaptic pyramidal cell was mediated by 10 
synaptic junctions. 

Al l three types of interneuron (n = 6; 2 for each type o f cell) elicited short-latency 
IPSPs with fast rise time (10 - 90 % ; 2.59 ± 1.02 ms) and short duration (at half-
amplilude 15.82 ± 5.24 ms), similar to those mediated by G A B A a receptors. 

Average amplitudes o f unitary IPSPs (n = 6) were 845 ± 796 mV ranging from 
134- 2265 mV. Variability of IPSP amplitude was moderate, the average ratio o f IPSP 
and baseline noise variance was 1.54 ± 0.96. High frequency activation o f single 
presynaptic dendrite targeting cells led to an initial summation fol lowed by use-
dependent depression of the averaged postsynaptic response. Double bouquet cell 
evoked IPSPs, recorded in the soma, had a smaller amplitude than those evoked by the 
other two cell types. In all connections, transmission failures were rare or absent, par-
ticularly when mediated by a high number of release sites. 

The results demonstrate that different types of neocortical GABAerg i c neurons 
innervate distinct domains on the surface of their postsynaptic target cells. Nevertheless, 
all three types o f cell studied here elicit fast IPSPs and provide GABAerg i c input 
through multiple synaptic release sites with few, if any failures of transmission. 

E f f e c t , number unci location of synapses made by single 

pyramidal cells onto aspiny interneurons of cat visual cortex 

Pyramidal neurons in layers I I/I II elicited monosynaptic EPSPs in three distinct 
categories o f smooth dendritic local-circuit neurons, namely basket cells (n = 3), a 
dendrite-targeting cell (n = 1) and a double bouquet cell (n = 1). Unitary EPSPs in 
basket cells were mediated by 1,2, and 2 synaptic junctions, whereas the pyramid-to-
dendrite-targeting cell and pyramid-to-double bouquet ceil interaction were mediated 
by 5 and 7 synaptic junctions, respectively. Synaptic junctions were found on all so-
mato-dendritic compartments, with a tendency to be clustered in individual connections. 
T w o pairs were reciprocally connected. 

Unitary EPSPs had an average amplitude o f 1,005 ± 5 1 8 mV, fast rise times 
(10-90 % ; 0.67 ± 0.25 ms) and were o f short duration (at half-amplitude 4.7 ± 1.0 ms). 
Their decay was monoexponential ( t = 7.8 ± 4.3 ms) and, at hyperpolarised membrane 
potentials, appeared to be shaped by passive membrane properties (T ~ 9.2 ± 8.5 ms). 
Al l parameters o f concomitantly recorded spontaneous EPSPs (mean rise time = 0.68 ± 
0.18 ms; mean duration = 4.7 ± 1.7 ms; mean amplitude = 981 ± 433 m V ) were 
remarkably similar. 

By the analysis performed by OLE PAULSEN and CHRISTIAN STRICKER, the 
amplitude fluctuations of the EPSPs could be accounted for by a quantal model of 
transmitter release. Without quantal variance, however, the minimum number of 
components in the model, excluding the failures, exceeded the number of electron 
microscopically determined synaptic junctions for all five connections In contrast. 
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incorporating quantal variance gave a minimum number o f components which was 
compatible with the number o f synaptic junctions, and which fitted the data equally 
well as models incorporating additional components but no quantal variance. 

In conclusion, at least three distinct interneuron classes receive local excitatory-
pyramidal cell input which they relay to different compartments on their postsynaptic 
target neurons. Unitary IZPSPs show fluctuations that can be accounted for by a quantal 
model o f transmitter release, when incorporating quantal variance. The reliability o f 
transmission is high, while the fast time-course o f the KPSPs constrains their temporal 
summation and predisposes these classes o f interneurons to act as coincidence detectors. 

Massive autaptic self-i n n ervati on estuhlisked by neocor-

I i cal interneurons 

Self-innervation was light microscopically tested on 10 pyramidal, 7 spiny stellate 
cells and on 39 smooth dendritic interneurons from conical layers I l -V. Putative 
autapses (n = 171) could be observed on each smooth interneuron and on 7 pyramidal 
cells, but not on spiny stellate cells. After the electron microscopic evaluation o f all 
putative sites, 134 autapses could be verified, but the correctness o f light microscopic 
estimation varied between cell types. 

Pyramidal cells showed rare (10 % ) and relatively weak self-innervation as only 
one pyramidal cell innervated itself with two autapses on the same dendritic spine, in 
spite o f the examination o f ultrathin sections from all (n = 25) predicted sites on the 
pyramids. 

After the classification by the postsynaptic target distribution, all putative autapses 
o f 6 basket (n = 68), 3 dendrite targeting (n - 58) and 2 double bouquet cells (n 20) 
were scrutinised. Self-innervating junctions could be verified on each basket (n = 66; 

I I ± 7 per cel l ) and dendrite targeting (n = 66; 22 ± 12 per cel l ) cells, but none o f the 
double bouquet cells formed autapses. Although autapses were identified on all parts o f 
the somatodendritic domain on both cell classes, basket cell autapses were significantly 
closer (13.3 ± 23.2 mm) to the soma, than autapses established by the dendrite targeting 
cells (51.8 ± 4 9 . 9 mm). 

In summary, neocortical cell types establish various degree o f self-innervation. 
Unlike on spiny cells, autapses are abundant on basket and dendrite targeting interneu-
rons with similar subcellular target preference to that o f synapses of the parent cell. The 
extensive self-innervation may modulate local dendritic information processing and 
intrinsic excitability via inhibitory feedback. 


