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Abstract

The neuronal and synaptic organisation of the cerebral cortex appears exceedingly complex, and the definition of a basic cortical
circuit in terms of defined classes of cells and connections is necessary to facilitate progress of its analysis. During the last two decades
quantitative studies of the synaptic connectivity of identified cortical neurones and their molecular dissection revealed a number of
general rules that apply to all areas of cortex. In this review, first the precise location of postsynaptic GABA and glutamate receptors is
examined at cortical synapses, in order to define the site of synaptic interactions. It is argued that, due to the exclusion of G
protein-coupled receptors from the postsynaptic density, the presence of extrasynaptic receptors and the molecular compartmentalisation
of the postsynaptic membrane, the synapse should include membrane areas beyond the membrane specialisation. Subsequently, the
following organisational principles are examined:

1. The cerebral cortex consists of: (i) a large population of principal neurones reciprocally connected to the thalamus and to each other
via axon collaterals releasing excitatory amino acids, and, (ii) a smaller population of mainly local circuit GABAergic neurones.

2. Differential reciprocal connections are also formed amongst GABAergic neurones.

3. All extrinsic and intracortical glutamatergic pathways terminate on both the principal and the GABAergic neurones, differentially
weighted according to the pathway.

4. Synapses of multiple sets of glutamatergic and GABAergic afferents subdivide the surface of cortica neurones and are often
co-aligned on the dendritic domain.

5. A unique feature of the cortex is the GABAergic axo-axonic cell, influencing principal cells through GABA , receptors at synapses
located exclusively on the axon initial segment.

The analysis of these salient features of connectivity has revealed a remarkably selective array of connections, yet a highly adaptable

design of the basic circuit emerges when comparisons are made between cortical areas or layers. The basic circuit is most obvious in the

hippocampus where a relatively homogeneous set of spatially aligned principa cells allows an easy visualization of the organisational

rules. Those principles which have been examined in the isocortex proved to be identical or very similar. In the isocortex, the basic

circuit, scaled to specific requirements, is repeated in each layer. As multiple sets of output neurones evolved, requiring subtly different

needs for their inputs, the basic circuit may be superimposed several times in the same layer. Tangential intralaminar connections in both

the hippocampus and isocortex also connect output neurones with similar properties, as best seen in the patchy connections in the

isocortex. The additional radial superposition of several laminae of distinct sets of output neurones, each representing and supported by its

basic circuit, requires a co-ordination of their activity that is mediated by highly selective interlaminar connections, involving both the

GABAergic and the excitatory amino acid releasing neurones. The remarkable specificity in the geometry of cells and the selectivity in

placement of neurotransmitter receptors and synapses on their surface, strongly suggest a predominant role for time in the coding of

information, but this does not exclude an important role aso for the rate of action potential discharge in cortical representation of

information. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the mammalian brain, the cerebral cortex is the
largest structure as defined on the basis of a uniform
cellular organisation. The two major classes of cortical
cells, the generally densely spiny pyramida cells, that
release excitatory amino acid(s) as transmitter, and the
generaly smooth dendritic GABAergic cells receive on
average 4—6000 synapses, which is not remarkable in the
brain. About every fifth neurone and every sixth synaptic
bouton synthesises and releases GABA; most of the rest
use excitatory amino acids as transmitter [8,7,34]. The
great evolutionary success and versatility of the cerebral
cortex can be explained by a design which enables the
connections to respond to specific localised needs, appar-
ent in the many selective modifications that are manifested
in the great variety of neuronal subclasses of the two major
cell families. The flexibility of design is aso well illus-
trated by the wide range in the number of synapses, from a
few hundred to about 30000, received by single neurones
of distinct types.

The cell type specific adaptations to local processing
needs have made the definition of the basic cortical pro-
cessing circuit and the definition of specific roles for
particular synaptic links a daunting task. Nevertheless,
although the subclasses of neurone reflect distinct synaptic
connections, some basic rules of synaptic connectivity that
are a hallmark of the cerebral cortex can be delineated. We
consider the salient features to be the following:

1. The cerebral cortex consists of: (i) alarge population of
output (principal) neurones reciprocally connected to
the thalamus and to each other via axon collaterals
releasing excitatory amino acids, and, (ii) a smaller
population of mainly local circuit GABAergic neu-
rones.

2. Differential reciprocal connections are also formed
amongst GABAergic neurones.

3. All extrinsic and intracortical glutamatergic pathways
terminate on both the principal and the GABAergic
neurones, differentially weighted according to the path-
way.

4. Synapses of multiple sets of glutamatergic and
GABAergic afferents subdivide the surface of cortical

neurones and are often co-aligned on the dendritic

domain.

5. A unique feature is the GABAergic axo-axonic cell
influencing principal cells through GABA , receptors at
synapses located exclusively on the axon initial seg-
ment.

Below, we will examine these characteristics from high
resolution studies of synaptic organisation in both the
isocortex (for definition see [48]) and the hippocampal
cortex. The latter has been particularly useful in revealing
basic principles, due to the arrangement of the cell bodies
of principal cellsinto a single layer, resulting in the spatial
co-alignment of functionally equivalent parts of neurones.
In the isocortex the cells are radialy scattered, and func-
tionally non-equivalent parts of neurones, such as dista
and proximal dendrites from different types of cells, are
next to one another. Furthermore, the basic cortical circuit
is superimposed in the same space several times, therefore
it is much more difficult to decipher from the distribution
of neuronal processes which axonal and dendritic popula
tions form synaptic relationships. Before examining the
salient rules of cortical connectivity a delineation of the
synapse is needed. Since the analysis of cortical connec-
tions is often still limited to the anatomicaly defined
synapse, as revealed by electron microscopy, it is worth
investigating briefly how the synapse can be defined in
those molecular terms that are most relevant to its func-
tion.

2. Molecular dissection of cortical synapses

Sherrington [103] used the term synapse to express the
functional effect of the axon of one neurone on the den-
drites of another, but the precise membrane area responsi-
ble for this effect is not well defined. With the electron
microscopic identification of membrane specialisations in
the presynaptic terminal and the postsynaptic dendrite the
synapse came to be considered equivalent to the area of
membrane specialisation [94].

For the presynaptic terminal, the site of vesicle accumu-
lation at the presynaptic grid is a good indicator of the
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transmitter release site. The calcium channels mediating
calcium entry that leads to vesicle fusion are thought to be
located in the presynaptic grid [44], but it remains to be

with higher probability of opening, then these sites may
provide an increased probability of vesicle fusion and
transmitter release, restricting the number of quanta re-

established whether they are evenly distributed in the disc
of presynaptic membrane specialisation. If some sites in
the grid have a higher density of channels, or channels

leased by an action potential.
The molecular congtituents of the plasma membrane
involved in vesicle fusion [18] have not been localised at
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Presynaptic terminals most likely originate from CA3 pyramidal cells and postsynaptic spines form CA1 pyramidal cells. (A and B) Electron micrograph
(A, postembedding immunogold reaction, 10 nm particles) and quantitative distribution of immunoparticles for the AMPA type glutamate receptor over a
large population of spines (R. Lujan and P. Somogyi, unpublished results). In (A), only two of the five spines show immunoreactivity, although al synaptic
membranes were equally exposed to the antibody. The differentia labelling demonstrates the heterogeneity of spines with regard to synaptic AMPA
receptor content. (C and D) The NMDA type glutamate receptor is aso enriched over the postsynaptic density (NR1 subunit, postembedding, silver
intensified 1.4 nm immunogold reaction, R. Lujan, R.A.J. Mcllhinney and P. Somogyi, unpublished), but due to its predominance in the centre of the
synaptic membrane specialisation on small spines (to the left) its distribution on a large population of spines as shown in (B) is different from the AMPA
type receptors. (E and F) Immunoreactive metabotropic GIUR type 5 is mostly located at the extrasynaptic membrane of 2 spines (s), one of which also has
perisynaptic (arrows) immunolabelling (pre-embedding silver intensified immunogold labelling). Quantitative evaluation (F) of immunoparticles shows an
annulus of high concentration of mGIuRS5 next to the edge of the synaptic specialisation (thick line). Note the decrease of receptor density with increasing

distance from the synaptic junction. Data based on Baude et a. [5]; Lujan et a. [70] and unpublished quantitative results. Individual spines may only
contain some of the receptor species. Scale bars: 0.2 pm.
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high resolution. A knowledge of the precise distribution of
the fusion machinery in the presynaptic membrane special-
isation would allow us to predict whether release can take
place at any site in a conventional central synapse, as
generaly assumed, or if it is restricted to one site as
proposed for some specialised synapses[148]. A restriction
to, or increased probability of release at one or few sites
per synapse could explain the one vesicle hypothesis of
transmitter release at central synapses [59].

Due to the introduction of a high resolution immunocy-
tochemical method [6] more information is emerging about
the precise distribution of the postsynaptic receptors that
mediate the effect of the two main fast cortical transmit-
ters, GABA and glutamate. The postembedding immuno-
gold localisation of receptors revealed that ionotropic
AMPA and NMDA type glutamate (Fig. 1) as well as
GABA, receptors (Fig. 2) are highly enriched in the
electron microscopically defined postsynaptic membrane
specialisation in hippocampal [5,90,91,118] and isocortical
[50] synapses. This gives us some confidence to expect
that, when connections between neurones are revealed
solely on the basis of the synaptic membrane specialisa-
tion, then it is likely to be a place of functional interaction.
However, in this respect the GABAergic and glutamatergic
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synapses appear to be different. Whereas most, if not all,
GABAergic synapses contain GABA, receptors
[90,91,118] a significant proportion of glutamatergic
synapses in the hippocampal CA3 to CA1 pyramidal cell
connection could not be shown by immunocytochemistry
to contain AMPA type glutamate receptors ([5] and unpub-
lished results, see Fig. 1). These results were obtained
under conditions when neighbouring synapses in the same
pathway could be shown to contain a high level of AMPA
receptor. Therefore, in glutamatergic cortical connections
either there are functionally distinct classes of synapses or
there may be a wide range in postsynaptic effects, depend-
ing on the presence and amount of receptors. Functional
studies in vitro in developing hippocampus revealed that
some synapses in the same pathway may only contain the
NMDA type receptor [45,61,65] that can be activated at
depolarised membrane potentials. This suggests that the
postsynaptic effect of glutamate released even by the same
axon can be different according to the postsynaptic recep-
tor composition and the state of the postsynaptic cell.
Recent observations suggest that if we retain the Sher-
ringtonean concept of the synapse, then the membrane area
involved in producing the postsynaptic effect has to be
expanded beyond the electron microscopically defined

LS

Fig. 2. Concentration of GABA , receptor subunits in the anatomically defined synaptic junctions (between arrows) in the hippocampal CA1 area. (A and
B) A presumed basket cell termina (bt) makes a synapse containing both the y2 and a1 subunits, as seen in seria sections of a pyramidal cell body (Pc).
(©) An interneurone dendrite (Id) receives a type Il synapse containing a high density of both the a1 (large particles) and B2/3 (small particles, bars)
subunits. A type | synaptic junction (double arrow) is immunonegative, but note the additional extrasynaptic receptor immunolabelling for the a1 subunit
(e.g. triangles) which can occur just outside the synaptic membrane specialisation (lower triangle) of synapses that are unlikely to receive GABA from the
terminal giving rise to the type | synapse. Silver intensified postembedding immunoreaction using 1.4 nm gold label, except for the a1 subunit in C (10 nm
gold label). Seria sections, same magnification. Data based on Somogyi et al., [118]. Scale bars, 0.2 wm.
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membrane specialisation, for the following reasons: (i)
First, significant pools of ionotropic AMPA type and
GABA , receptors have been detected outside the synaptic
membrane specialisation [5,6,90]. Physiological studies also
demonstrated fully functional AMPA, NMDA and GABA ,
receptors in the extrasynaptic membrane (Fig. 2C). Al-
though the role of the extrasynaptic receptor pools is not
known, it has been suggested for GABA , receptors that
extrasynaptic receptors may contribute to synaptic re-
sponses, particularly at high frequency of presynaptic
transmitter release [112], and recently tonic inhibitory cur-
rents have been demonstrated in cerebellar granule cells
that have a particularly high density of extrasynaptic
GABA , receptor [149]. (ii) Second, the G protein coupled
metabotropic glutamate receptors have been shown to be
outside the postsynaptic membrane specialisation
[6,70,71,89]. Nevertheless, most of these receptors show
the highest concentration in an annulus around the post-
synaptic density (Fig. 1), followed by a cell type and
synapse specific gradua decrease in density as a function
of distance from the synapse [70,71], and therefore must be
considered synaptic in a functional sense. The extent of
their activation probably depends on the amount of trans-
mitter released, which in turn reflects presynaptic release
frequency. (iii) Finaly, the postsynaptic response is
strongly influenced by the activation or inactivation of
voltage-gated ion channels in the somato-dendritic domain
[46,152]. The precise location of voltage-gated ion chan-
nels that are influenced by the effects of postsynaptic
receptors is not yet known, but high resolution immunolo-
calisation will be important to define their membrane
location relative to transmitter release sites and neurotrans-
mitter receptors.

As more quantitative information becomes available
about the molecular mosaic of the postsynaptic membrane
it will be possible to define the synapse in terms of the
relative amount and location of the molecules involved in
the effect of transmitters. Membrane areas outside the
postsynaptic membrane specialisation will have to be in-
cluded in a comprehensive definition of the synapse.

The presence of a presynaptic terminal storing transmit-
ter and having a membrane specialisation and postsynaptic
receptors provides an opportunity for synaptic transmis-
sion, but whether it actualy takes place following the
arrival of an action potential depends on the probability of
transmitter release which varies from connection to con-
nection and is highly modifiable. The probability of release
is influenced by presynaptic auto- and heteroreceptors
which appear to have distinct and well defined locations
along the preterminal axons. The most precise information
is available for the presynaptic metabotropic glutamate
receptors which, depending on their pharmacological class,
are either restricted to the presynaptic grid [105], the site of
vesicle fusion and transmitter release, or are excluded from
the release site and are distributed along the extrasynaptic
terminal and axon [71,104].

3. Strength and some dynamic properties of cortical
synaptic connections

In addition to the neurotransmitter mechanism, out of
the many factors influencing the properties of synaptic
connections between two neurones, the number and loca-
tion of synaptic transmitter release sites were amongst the
first recognised [24]. In the cortical network where usually
connections of a large number of different cell classes
overlap in space, the intuitive classification of cell typeson
the basis of the difference in their inputs, as reflected in
the pattern of their dendrites, and outputs, as reflected in
the patterns of their axons, has aso proven useful. Through
the combination of the direct light and electron micro-
scopic analysis of the same visualised cells it became
possible to define the cell classes and connections in
quantitative synaptic terms [25,110,111]. However, to fol-
low up the quantitative anatomical differences in synaptic
connectivity with physiological analysis of the same con-
nections has proved a great challenge and has only been
gathering momentum in the last few years. To study the
dynamic characteristics, location and extent of synaptic
connections, it is necessary to record the activity of both
the pre- and postsynaptic neurones together with the visu-
alisation of the sites of interactions. This is most easily
achieved by simultaneous recording in vitro followed by
electron microscopic determination of synaptic sites medi-
ating the recorded effects. In the following analysis we
will consider how the five principles of cortical synaptic
organisation are implemented in the connections of the two
major classes of cortical neurones.

3.1. Thalamo-cortical reciprocal connections

The reciproca excitatory connection with the thalamus
is a sdient feature of the cerebral cortex, but, due to
limitations of space, is only dealt with briefly here. Differ-
ent types of cortical cell receive a different proportion of
their synapses directly from the thalamus[150]. Apart from
a few cells in the cat visual cortex [32] the extent of
innervation of different cell types by a single thalamo-
cortical axon is not known. In the cat, many cells appeared
to receive a single synaptic bouton from one axon. The
maximal number of synapses was 7 on the basal dendrites
of alarge pyramidal neurone at the border of layers 3 and
4. Interestingly, all the synapses were on basal dendrites
very close to the soma, suggesting small variability in
efficacy and little electrotonic attenuation. Large GABAer-
gic neurones received multiple synapses on their soma as
well as on their dendrites [30,32,123,150], again suggest-
ing powerful activation by one or a few thalamic axons.
The high efficacy of thalamic inputs to many monosynapti-
caly innervated cells is supported by the reliability of
synaptic transmission from presumed thalamic axons to
spiny stellate cells [126] whose dendrites are restricted to
the main termination zone of thalamic inputs. Indeed, cross
correlation analysis of the spike discharge of lateral genic-
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Fig. 3. (A and B) Classification of identified interneurones based on their postsynaptic targets (electron microscopic random samples) in the visua cortex
of cat. (B) Interneurones were characterised on the basis of the distribution of their unlabelled postsynaptic targets, including somata, dendritic shafts,
dendritic spines and axon initial segments (AlS). Vertical bars denote S.D. Using cluster analysis, joining tree was calculated using Ward's method of
amalgamation and Euclidean distances. Interneurones of the 4 clusters had somato-dendritic (basket cells, BC), dendritic (dendrite targeting cells, DTC),
spine (double bouquet cells, DBC) and AIS (axo-axonic cells, AAC) synaptic target preference. Dlink Dmax: linking and maximal Euclidean distances.
Data from Somogyi et a. [116], Freund et al. [31], Tamas et a. [132].

ulate and cortical cells indicated a strong influence of
some thalamic neurones on monosynaptically activated
cortical cells as well as a wide range of efficacy of
different neurones during sensory stimulation [97,135].

input, but with very different physiological properties[126].
It is likely that both the thalamic and the other extrinsic
inputs are differentially weighted according to the type of
cortical cell.

The thalamic input to the middle layers and layer 6 of the
cortex is closely matched by the local recurrent collaterals
of layer 6 cortico-thalamic cells, which provide a numeri-
caly larger number of synapses than the direct thalamic

3.2. Local connections between cortical principal cells

Considering the intracortical connections, in physio-
logical terms, a great deal is known about the connections

Fig. 4. Schematic diagram of the domain selective input—output relationship of GABAergic neurones (filled circles) with cortical pyramidal cells, as
summarised from results obtained in the hippocampal CA1 area. Axonal and dendritic patterns predict unique input—output signatures for the 9 types of
GABAergic cells. Basket, axo-axonic, bistratified and Schaffer collateral associated cells have been shown to act through GABA , receptors, the action of
other cells remains to be tested pharmacologicaly (‘?, at terminals). Excitatory amino acid releasing terminas are shown as empty triangles. Most
dendritic GABAergic innervation is co-aligned either with the glutamatergic Schaffer collateral /commissural input from the CA3 area (bistratified cells),
or (PP-associated cells) with the glutamatergic inputs from the entorhinal cortex (EC) and thalamus (T). Only neurogliaform cells appear to provide
substantial innervation to both stratum radiatum and lacunosum-moleculare. Recurrent pyramidal cell input has been shown directly only to basket [14] and
somatostatin/mGIuR1a expressing cells [11]. Recurrent input to other cell classes having dendrites in the termination zone of pyramidal local axons may
exist (‘?, at open triangles). Dendritic domains of GABAergic cells cover one, two or three major excitatory input zones. One extrinsic input may provide
cross-influence to the termination zone of another one by activating zone specific GABAergic output. In some cases, Schaffer collateral and entorhinal
inputs to basal dendrites are not shown for clarity. Grouping of cells into feed-back, feed-forward and other categories according to their position in the
circuit is arbitrary, since their functional position remains to be established under physiologica activation. Scheme based on data from Buhl et a. [14],
Halasy et al. [41], Somogyi et al. [122] and for stratum lacunosum-moleculare cells from Vida et al. [147].
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between different cortical areas, which are largely medi-
ated by the long range glutamatergic pathways established
by pyramidal cells. For example, the projection from the
CA3 to the CA1 area of the hippocampus is the most
studied cortico-cortical connection of the cortex, yet the
axons mediating the connection have only recently been
visualised [64] and the number and relative placement of
unitary synapses on individua CA1 cells remains un-
known. The study of the rules of single cortical neuronal
connections is much easier in the local interactions, i.e.
within the functionally and cytoarchitectonically defined
cortical area. Not surprisingly, both in the hippocampus
and the isocortex, most of the information on unitary
synaptic interactions has been obtained between cellswithin
a few hundred micrometers. Therefore, below we will
focus on local interactions. However, the results on local
connections cannot be extrapolated to the long range con-
nections without direct investigation.

In addition to the inter-areal cortico-cortical connec-
tions, all principal cells, the pyramidal, spiny stellate and
granule cells, aso establish lamina specific local connec-
tions in the cortical area where the cell body is located
[36,37,63,72,77,96,129]. The spatia extent of loca con-
nections ranges from within the dendritic tree of the parent
cell to several millimetres, as in the patchy connections of
the isocortex or the CA3 area of the hippocampus. Many
synapses are established between nearby cells of the same
type, e.g. CA1 pyramidal cells [140] or the large tufted
layer 5 pyramids [75], whereas others connect to different
principal cell populations either in the lamina of the parent
cell (e.g. [23]) or more obvioudly in other cortical layers
(eg. the layer 3 to layer 5, and layer 6 to layer 4
projections). The latter connections form the rich interlam-
inar excitatory amino acid pathways, a hallmark of the
isocortex (see [53,73]). As far as we are aware, only one
principal cell population, the granule cells of the hip-
pocampal dentate gyrus of rodents, is not interconnected in
the normal cerebral cortex.

Quantitative electron microscopic examination of the
synaptic targets of local pyramidal collaterals showed that
they establish synapses mostly with dendritic spines and to
a lesser extent the dendritic shafts of other principal neu-
rones [23,33,58,75,79,80,111,112]. The proportion of spine
as postsynaptic target varies from about 85% between

layer 2/3 pyramidal cells[58,79] to about 30% in the layer
6 to layer 4 connection [80,112], and is likely to be
dependent on the postsynaptic target cell type. In the
hippocampal formation it is apparent that the local connec-
tions are restricted to only a certain portion of the dendritic
domain so that CA1 pyramids mainly receive their loca
input on their basal dendrites and CA3 pyramids on den-
drites in strata oriens and radiatum, but not on the portion
of the dendritic tree in strata lucidum or lacunosum molec-
ulare. In the isocortex, due to the superimposition of
severa circuits in the same tissue volume, only the accu-
rate tracing of single cell connections can provide informa-
tion about the possible compartmentalisation of local exci-
tatory inputs. The available data, including both physio-
logical and anatomical information, are limited to layer 5
pyramids [23,75]. The connections between layer 5 large
pyramidal cells are mediated by up to eight potentia
synaptic junctions placed mainly on the basa dendrites
and to a lesser extent on apical dendrites [23,33,75]. The
potential number of connections between pyramidal cells
in layers 2/3 was estimated to be up to 4 [55].

The local connections between pyramidal cells gener-
ally show a depression of EPSP amplitudes following
repetitive presynaptic firing [75,76,85,136,137,141], but it
islikely that the frequency-dependent modification of post-
synaptic responses depends on the particular connection,
since no change or facilitation has also been reported
[126]. Similar to the long range cortico-cortical connec-
tions, the local pyramidal interconnections are mediated by
both NMDA and AMPA type glutamate receptors [75,139].
The dynamic changes in frequency dependent depression
may have fundamental importance for changing synaptic
efficacy [76].

In summary, the mutua facilitatory interconnections of
large populations of cells via excitatory amino acid releas-
ing terminals are one of the salient features of the cortical
network. The extent of these connections, both quantita-
tively and in the complexity of their selective distribution
is unparalleled in the vertebrate nervous system.

3.3. Connections from principal cells to GABAergic cells

Quantitative electron microscopic examination of the
synaptic targets of pyramida collaterals showed that in

Fig. 5. Reciprocal connections and synaptic effects of a pyramida cell and a double bouquet cell in the visua cortex of cat. (A and B) Axona (A) and
dendritic (B) arborizations of the biocytin labelled double bouquet cell (blue) and the pyramidal cell (red) reconstructed following intracellular recording in
vitro. (C) Location of 10 double bouquet cell synapses on the pyramidal cell as identified by electron microscopy. Six synapses were on dendritic spines (2,
3,5, 7,9, 10) and four on dendritic shafts (1, 4, 6, 8) at locations relatively distal to the soma. Axonal branch points are labelled by asterisks. (D) Action
potentials (~ 2 Hz) of the double bouquet cell evoked by current injection (a, average) resulted in a short-latency, fast-rising IPSP, with an average
amplitude of —0.44 + 0.23 mV in the postsynaptic pyramidal cell which was held at —48 mV membrane potential (b, average of 273 sweeps). (E) Two
collaterals of the pyramidal axon (red) made 7 synapses distributed in 4 groups on (No. 6) or very close to the soma of the DBC. (F) Averaged pyramidal
cell action potential (2) and superimposed successive postsynaptic responses (b, MP, —64 mV) in the DBC, indicating a large degree of amplitude
variability. Both the averaged identified pyramidal EPSP (c) and the average of spontaneous EPSPs had similar fast rise time and complex decay kinetics.
(G) Electron micrograph of a double bouquet cell bouton (db) making type Il synapses (arrows) with a dendritic shaft (d) and a spine (), the latter also
receiving atype 1 synapse (asterisk) from an unidentified terminal (t). (1) Electron micrograph of a pyramidal bouton (p2 in I) making a synapse (arrow) on
the proximal dendrite (dbd) of the DBC. Data from Buhl et al. [16], Tamas et a. [132]. Scale bars: 0.2 pm.
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addition to synapses on other spiny principal neurones, in
accordance with the second rule of synaptic organisation,
they also innervate GABAergic cells [58,68,111,112,124].
The proportion of synapses targeting GABAergic cells,
defined according to their output (Fig. 3) [132], depends on
the pyramidal cell type. It is not yet clear whether all
GABAergic cdl types receive a recurrent local input, but
the results from the hippocampus predict a differential
innervation (Fig. 4). Since in the CA1 area and the dentate
gyrus of the hippocampus the recurrent collaterals of prin-
cipal cells are restricted to narrow zones, the distribution
of interneurone dendrites preferring or avoiding these zones
may be a good predictor of their recurrent activation. For
example, the visualisation of the dendritic trees of the
somatostatin/mGluR1a expressing cells by immunocyto-
chemistry [6] or intracellular labelling [12,43,106,107] led
to the prediction that they mainly receive recurrent input
which was directly shown in the CAl area [11,74]. In
contrast, the restriction of some interneurone dendrites to
the molecular layer, which is devoid of recurrent collater-
als, shows that the so-called dentate MOPP cells [43] and
their equivalent perforant path-associated cells in the hip-
pocampus proper [147] do not receive loca principal cell
input, but are exclusively activated by the extrinsic
cortico-cortical connections in a feed-forward manner (Fig.
4). Recent in vitro studies in the hippocampus confirmed
previously predicted [3] recurrent principal cell input to
basket cells[14,35,39] and also revealed the innervation of
putative somatostatin/mGluR1a expressing interneurones
[39]. A similar approach demonstrated recurrent activation
of basket, dendrite targeting, double bouquet (Fig. 4) and
sparsely spiny bitufted cells in the isocortex [16,21,143].
The latter probably correspond to the
somatostatin/mGluR1a expressing cells of the hippocam-
pus. The recurrent inputs are mediated by 1-7 synaptic
junctions (Fig. 5.), probably depending on the postsynaptic
cell type and the cortical area.

In the visual cortex [16] unitary EPSPs from pyramidal
cells to three distinct types of GABAergic cells were
relatively small (~1 mV), fast rising (10-90%; 0.67 +
0.25 ms) and were of short duration (at half-amplitude
4.7 + 1.0 ms) at an average membrane potential of —67.6
+ 6.9 mV (Fig. 5). All connections showed considerable
amplitude fluctuation at low frequency presynaptic firing
(Fig. 5F). Quantal analysis, using a model with quantal
variance, predicted quantal sizes between 260 and 657 V.

For three pyramid to basket cell connections, in accor-
dance with the univesicular hypothesis [59], the number of
guantal components coincided with the number of electron
microscopically determined synaptic junctions (1, 2 and 2),
but for both a dendrite targeting cell and a double bouquet
cell (Fig. 5) the number of quantal components (n= 4)
was fewer than the number of synaptic junctions (5 and 7).
Interestingly, in the latter connections the synaptic contacts
clustered in the same number of groups as the quanta
components, each group converging on one dendritic seg-
ment or the soma. It is possible that each group of release
sites contributed one quantum and that closdly spaced
release sites do not operate independently. Alternatively,
the apparent quantal size reflects the synaptic activation of
a dendritic segment. The EPSP amplitude fluctuations in
two of the four connections that had more than one release
site, could be adequately described by a uniform binomial
model of transmitter release. The apparent failure rate was
relatively low for all connections, ranging from 0.02 to
0.12, suggesting that at these connections transmission
occurs with high reliability. The release probability for the
individual sites, as calculated from a binomial mode,
ranged from 0.42 to 0.94. For basket cells receiving 1-2
synapses, using a uniform binomial model for transmitter
release, the estimated junctional release probability ex-
ceeded 0.7.

Depression [16], facilitation [136,138,142] or a lack of
change has been reported in unitary paired-pulse responses
of pyramid to interneurone connections, and it is highly
likely that the frequency dependent modification of post-
synaptic responses is strongly influenced by the post-
synaptic GABAergic cell type [2,16,98]. The relationship
between presynaptic action potential frequency and post-
synaptic responses depends on many factors, such as the
dynamics of presynaptic calcium sequestration and the
state of presynaptic receptors. One of the presynaptic
metabotropic glutamate receptors, mGIuR7, has been
shown to be restricted to the presynaptic active zone of
pyramidal and dentate granule cell terminals [105], and
therefore could serve as an autoreceptor. This receptor is
distributed highly selectively amongst terminals of the
same axon; MGIUR7 is expressed at a much higher level in
the terminals that innervate the somatostatin/mGIluR1a
expressing cells than in those terminas that innervate
principal cells or other GABAergic neurones [105]. Since
group Il mGIuRs depress presynaptic calcium channels

Fig. 6. Synaptic effect of a dendrite-targeting cell (blue) and location of its synapses on a pyramidal cell (red) in area 18 of the cat visual cortex. (A)
Dendritic (Ieft) and axonal (right) arborization of the DTC and the pyramidal cell in layer 1V. The axon of the DTC overlaps with a large volume of the
somato-dendritic domain of the pyramid. (B) All 8 electron microscopically verified synaptic junctions formed by 4 boutons are located around the branch
point of asingle basa dendrite. Some boutons made 2 or 3 separate synaptic junctions (numbers linked by commata). (C) Action potentials (~ 1 Hz) of the
dendrite-targeting cell (a, average), evoked by a depolarising current pulse, resulted in a short-latency, fast IPSP with an average amplitude of
—1.23 + 0.32 mV in the postsynaptic pyramidal cell held at —51 mV membrane potentia (b). (D) The non-overlapping amplitude distributions of 1PSPs
(red) and baseline noise (black) demonstrate a highly reliable transmission. (E) Electron micrograph of alarge DTC bouton (1, 2, 3, asin B) making atype
Il synapse (arrow) with the dendritic shaft (pd) of the pyramidal cell, which also receives 2 additional synapses (asterisks) form unlabelled terminals (t).

Data from Tamas et al. [132]. Scale bar: 0.2 um.
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[131] it was suggested that their selective high level ex-
pression at certain synapses allows a single axon to regu-
late release probability and summation properties at differ-
ent release sites independently, according to the post-
synaptic cell type [105]. In addition to mGIuR7, other
group 1l presynaptic mGIuRs are also expressed in the
presynaptic active zone, in a postsynaptic cell type specific
manner in the cortex [104]. The functiona properties of the
cortical synapses with high levels of group 11l mGIuR are
not known, but the role of the receptor would depend on
the degree and time course of its activation. If they are not
activated at resting conditions and their activation is rela-
tively fast, then release of transmitter by the first action
potential would decrease the probability of release by
subseguent action potentials as originaly suggested [105].
However, if they are tonically activated, as has been
suggested at cerebellar synapses for mGluR4 [93], then
several action potentials may be necessary to overcome the
depression of calcium channels, leading to facilitation of
postsynaptic responses by consecutive action potentials. A
preliminary report in the hippocampus suggests that cells,
which could correspond to the somatostatin/mGluR1a
expressing interneurones, decorated by strongly mGIuR7
expressing terminals, show strong paired-pulse facilitation
[2], and would be activated strongly at a high presynaptic
firing rate.

Why do the somatostatin/mGIluRla expressing in-
terneurones need such a specific regulation of presynaptic
summation properties? The clue may lie in the pairing of
their GABA releasing terminals with one of the cortico-
cortical inputs in the hippocampus, the entorhinal gluta-
matergic pathway to the distal dendrites of principa cells,
and several proposals have been put forward [11,74]. Our
extension of one of the proposals [11] takes into account
the possible tonic depression by mGIuR7 (see above) of
the recurrent principal cell synapses at low freguency
firing of principal cells during exploratory behaviour asso-
ciated with theta rhythm. Under such conditions these
interneurones would not be strongly activated. Only the
coincident high frequency firing of several converging
pyramidal cells would discharge these cells and result in
the release of GABA to the termination zone of the
entorhinal pathway (see Fig. 4). Such activity occurs dur-
ing behavioural rest and is observed as field potential
sharp waves [17,28], thought to represent a mechanism for
the consolidation of the selective enhancement of synaptic
strength. Thus, the primary role of the selectively high

concentration of presynaptic mGIuR7 that depresses trans-
mitter release is to assist the preference of high frequency,
coincident presynaptic inputs for the activation of this
GABAergic cdl type. If these interneurones are activated
during sharp waves, the GABA-mediated depression of
entorhinal influence to distal dendrites [74,106] would
ensure that the strong activation of synapses receiving
glutamate from intrahippocampal terminals is not associ-
ated with the strong activation of entorhina synapses
through the reverberating feedback projection from the
entorhinal cortex. Hence, somatostatin/mGIluR1a express-
ing interneurones are likely to provide one circuit that
allows the independent regulation of synaptic strength at
two main glutamatergic synapses, the entorhinal and in-
trahippocampal inputs, segregated to distinct dendritic seg-
ments on the same hippocampal principa cells [74].

The characteristics of the pyramid connections to other
types of GABAergic neurones also suggest that in most
cortical areas many inputs are necessary to bring the
interneurone to threshold, and the fast kinetics of the
EPSCs and EPSPs narrow the window for temporal sum-
mation, thus favouring coincident inputs for the activation
of cells [16,21,22,35]. Just as for principal cells (see
below), conjoint GABAergic inputs to the same dendritic
domain which is innervated by the pyramidal cells, and
autapses (see below), may further shorten the window for
temporal integration, promoting coincidence detection. A
different functional connectivity may exist in the CA3 area
of the hippocampus, where single pyramidal cells can
reliably bring GABAergic interneurones to threshold in
vitro [83]. The very rich local, associational and commis-
sural interconnections of these pyramidal cells [64] may
have resulted in the development of strong and reliable
inputs to some types of interneurones.

3.4. Connections from GABAergic cells to principal cells

Using Golgi impregnation, Ramon y Cajal [96], Lorente
de No [67] and more recently Szentagothai [127-129]
presented the striking differences in the axona arboriza
tions of smooth dendritic or sparsely spiny local circuit
neurones which subsequently were shown to use GABA as
transmitter. All smooth dendritic cells establish type Il
synapses made by terminals synthesizing or containing
GABA [99,119], therefore these cells are very likely to be
GABAergic. As most eloquently formulated by Szen-
tagothai [127,129], the axonal patterns strongly predicted
that distinct classes of GABAergic cells subdivide the

Fig. 7. Synaptic effect and sites of innervation of a pyramidal cell by a basket cell in area 18 of the cat’s visual cortex. (A) Dendritic and axonal
arborization of the postsynaptic pyramidal cell (red) and the presynaptic basket cell axon (blue, dendrites were not recovered). (B) Although the basket
axon overlaps with a large part of the pyramidal basal dendritic tree, al 15 electron microscopically verified synaptic junctions are located on the soma or
the most proximal basal dendrites. (C) Action potentials (~ 1 Hz) of the presynaptic basket cell (a) were followed by reliable short-latency, fast IPSPs (d,
average amplitude — 2.43 + 0.60 mV) in the postsynaptic pyramidal cell (membrane potential held at —49 mV) as shown by twenty consecutive sweeps.
(D) The unitary IPSP amplitude distribution demonstrates the absence of postsynaptic response failures. (E) Electron micrographs demonstrating synaptic
junctions (arrows) between the basket cell terminals (b1, b13; numbering as in B) and the basal dendrite (pd) or soma (pso) of the pyramidal cell. Data

from Tamas et a., [132]. Scale bar for both pictures: 0.2 pm.
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somato-dendritic domain of principal cells. Indeed, the
very first cell type examined quantitatively for synaptic
targets, the chandelier cell discovered by Szentagothai

Basket ce!l—1§-PyramidaI cell

[130] and also described by Jones [47], was shown to
innervate only the axon initial segment of pyramidal cells
[110] (Fig. 3). Consequently, Szentagothai in his review of
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Fig. 8. Interconnection between two GABAergic cortical neurones, as demonstrated by the synaptic action of a basket cell on another basket cell in the
CA1 area of the rat hippocampus. Both cells were recorded intracellularly in vitro and labelled with biocytin. Action potentials (Ba, average) in the
presynaptic basket cell (dendrites in red, axon in black) evoked a short-latency fast hyperpolarizing IPSP (Bb) in the postsynaptic basket cell (dendritesin
blue, axon in green, MP, —59 mV). Basket cells were identified by electron microscopic sampling of their postsynaptic targets. SLM, stratum
lacunosum-moleculare; SR, str. radiatum; SP, str. pyramidale; SO, str. oriens. Data from Cobb et al. [20].

the manuscript renamed the cell as axo-axonal interneu- unique defining feature of the basic cortical circuit, provid-
rone [110], becoming axo-axonic cell later ing the same innervation of principal cells exclusively on
[116,117,120,128]. The GABAergic axo-axonic cell is a their axons in the isocortex [110,116], the hippocampal

Fig. 9. Autaptic self-innervation of a dendrite-targeting cell visualised by intracellular biocytin labelling in area 18 of the cat’s visual cortex in vitro. (A)
Dendritic (red) and axonal (blue) arborization of the dendrite targeting cell. (B) Location of electron microscopically verified, exclusively dendritic
autapses. The cell showed a synaptic target preference towards dendritic shafts (72.7%), and aso innervated spines (27.3%) of pyramida neurons. (C)
Light micrograph of autaptic sites derived from a myelinated axonal branch (ax) giving 5 en terminaux boutons apposed to a beaded distal dendrite (d) of
the parent cell. (D) Electron micrograph of autaptic bouton no. 5 emerging from the axonal trunk (ax) and forming a synapse (arrow) with the parent
dendrite. Unlabelled terminals cover the dendrite with synapses (asterisks). Data from Tamas et al. [134]. Scale bars: C, 10 wm; D, 0.2 pm.
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cortex [15,122] and amygdala [78]. Further studies con-
firmed the target selectivity of many types of GABAergic
interneurones (Figs. 3-8), several of which can dso be
delineated on the basis of neurochemical markers [28,49].
In the isocortex, the distal to proximal progression of
GABAergic innervation of pyramidal cells is exemplified
by double bouquet cells (Fig. 5) innervating distal den-
drites and spines [113,132], to dendrite targeting cells
(Figs. 6 and 9.) innervating proximal dendrites [54,132]
through basket cells (Figs. 7 and 8) innervating somata and
proximal dendrites [47,96,114,121,130,134,143] to axo-
axonic cells terminating on the axon initial segment where
the action potential may be generated (Fig. 3). These
connections are optimised for particular tasks, which are
most efficiently executed on a given membrane domain of
the postsynaptic cell. The optimisation of synapse place-
ment is strikingly apparent when one compares the overall
synaptic target preference of a presynaptic GABAergic cell
with the location of synapses in unitary connections. For
example, basket cells in the CA1 area provide about half
of their synapses to the soma and half to proxima den-
drites of single pyramida cells and the same proportions
are found in the overall sample [13,14]. Similarly, a double
bouquet cell provided 6 synapses to dendritic spines and 4
to shafts of a pyramidal cell (Fig. 5), reflecting the respec-
tive 70% to 30% ratio of targets in the overal sample
[132].

The same postsynaptic domain may receive several
distinct GABAergic inputs (Fig. 4). For example, the
somata of all principal cells are innervated by both parval-
bumin and cholecystokinin containing basket cell termi-
nals, with as yet unknown functiona differences [28,49].
The situation is particularly intriguing in the innervation of
the dendritic domain [109,112] where, in addition to dou-
ble bouquet cells, neurogliaform cells, bitufted cells and
other as yet quantitatively undefined GABAergic cell
classes terminate. It was again the hippocampal formation
with its segregated laminar excitatory inputs that provided
the clue for the design principle in the multiple GABAer-
gic dendritic innervation (see rule 3). It was found that
distinct sets of interneurones co-align their axons with a
particular excitatory input to the same dendritic segment of
principa cells [40,43,109]. Thus, in the dentate gyrus
granule cell distal dendrites are innervated by the so called
MOPP and HIPP cells whose terminals provide synapses
to dendritic shafts and spines in conjunction with the
perforant path (PP) synapses [12,43,107]. The proximal
dendrites are innervated by the HICAP cell, which termi-
nates conjointly with the commissural /associational gluta
matergic input [12,43]. The same principle can be recog-
nised in the hippocampus proper, where basal and stratum
radiatum dendrites are innervated by bistratified GABAer-
gic cells [14,41], whereas the termination zone of entorhi-
nal afferents on the distal dendrites is innervated by the
somatostatin/mGluR1a expressing GABAergic neurones
and perforant path-associated neurones situated in stratum

lacunosum moleculare (Fig. 4) [106,147]. Since the same
interneurone classes, defined on the basis of targeting
dendrites and containing certain neurochemical markers,
also exist in the isocortex, the pairing of GABAergic and
glutamatergic inputs on the dendritic domains of principal
cells is also very likely to apply. Indeed, on the basis of
the parallels in the intra and interlaminar GABAergic
[60,114,115] and glutamatergic [53] local connections,
Kritzer et al. [60] emphasized such pairing in the primate
visual cortex. Furthermore, on the basis of the laminar
co-alignment and likely close placement of thalamo-corti-
cal synaptic terminals and the terminals of the dendrite
targeting GABAergic cell we suggested that their effects
are closely related [132]. However, largely due to our
ignorance of the distribution of excitatory terminals of
known origin on the surface of neurons, the principle of
pairing has not been documented at the level of the single
cell in the isocortex.

Explanations for the paired termination of GABAergic
and glutamatergic afferents on particular dendritic domains
can be grouped into two families, either with predomi-
nantly ‘presynaptic’ (i.e. interaction before the post-
synaptic membrane that they innervate) or with mostly
postsynaptic (i.e. due to change in membrane conductance
in the principal cell) consequences, but of course multiple
sites of interaction may well be involved.

Genuine presynaptic interactions might take place
through: (i) GABA ; receptors on the glutamatergic termi-
nals and/or, (ii) metabotropic glutamate receptors on the
GABAergic terminals, and generally would lead to a de-
crease in transmitter release. The co-alignment would facil-
itate the effect of presynaptically acting transmitter selec-
tively from the specific source within the termination zone.
(iii) Furthermore, indirect ‘ presynaptic’ action might be
achieved by the well documented selective innervation of
particular classes of interneurones by subcortical afferents
[28]. Such GABAergic, monoaminergic and cholinergic
afferents would selectively influence the termination zone
of a glutamatergic pathway by activating or deactivating
the conjointly terminating GABAergic interneurones. The
co-alignment of terminals would enable the differential
modulation of multiple glutamatergic pathways converging
onto the same cell.

The paired glutamatergic and GABAergic pathways
both form anatomically defined synaptic junctions only on
a restricted segment of the dendritic tree, therefore a
number of postsynaptic mechanisms may explain their
co-alignment. Effects that are in line with an inhibitory
role of GABA include: (i) shunting of excitatory currents
in dendrites; (ii) the dendritic segment specific local antag-
onism of depolarisation necessary for NMDA receptor
activation [125]. (iii) The dendritically placed GABAergic
synapses may prevent or reduce the activation of voltage
dependent sodium and high voltage activated Ca?* chan-
nels [84,145]. These three mechanisms would tend to
reduce the effect of the paired glutamatergic input. How-
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ever, co-operative GABAergic and glutamatergic interac-
tions have also been suggested: (iv) Appropriately timed
local dendritic hyperpolarization may deinactivate sodium
channels, low voltage-activated Ca?* channels and deacti-
vate potassium channels, leading to the facilitation of
conjointly terminating glutamatergic inputs. (v) Pathway
specific GABAergic innervation may also co-operate with
the paired glutamatergic input by expanding its dynamic
range through the downward rescaling of EPSPs [42].
Which of the above mechanisms operate at particular
pathways at a given time depends on the receptor mecha-
nism(s) mediating dendritic GABA action, the membrane
potential, the magnitude of the postsynaptic response and,
most importantly, its timing relative to that of the gluta-
matergic effects. Thereis as yet little information about the
latter in the operational network in vivo, and electrical
stimulation does not provide information about relative
timing.

The question of receptor mechanisms at particular
synapses has been addressed in vitro, using paired intra-
cellular recording and the identification of synaptic sites
through the visuaisation of both pre- and postsynaptic
cells, as well as by immunocytochemistry [90,91]. Unitary
IPSPs in postsynaptic cells have been reported to be
mediated by GABA , receptors, irrespective of the termi-
nation zone of the presynaptic cell, ranging from the axon
initial segment to distal dendrites [13,14,22,83,143,147],
but not all types of GABAergic cell have been tested. The
possibility that in addition GABA receptors may be
recruited due to prolonged presynaptic firing has also been
raised [87,143], and in the isocortex IPSPs with slow
kinetics, reminiscent of GABA receptor-mediated re-
sponses, were evoked by local activation of neurones by
exogenous glutamate [9]. If these responses were evoked
by cells that activate only GABA g receptors, their identity
remains to be established. The GABA , receptor mediated
responses also show kinetic heterogeneity [92]. Differences
in subunit composition of synaptic GABA , receptors is
one potential mechanism that could lead to pharmacologi-
cal and kinetic differences in the postsynaptic response.
The first such difference has been found between the
synapses of axo-axonic cells that are rich in both the a1
and « 2 subunits and those of basket cells largely lacking
the o2 subunit [91]. Other subunits, such as the 2/3 and
the v2, appear to be distributed at most GABAergic
synapses on the surface of principal cells [90,118].

The subdivision of the neuronal surface by specific sets
of GABAergic neurones strongly suggests a division of
labour in distinct circuits (Fig. 4). As suggested earlier,
perisomatic inputs appear to be best suited for the phasing
of action potential discharge and subthreshold activity [19].
Such phasing may be particularly important during oscilla-
tory cortical activity. The role of dendritic segment spe-
cific GABAergic inputs has been discussed above and is
related to the modulation of subsets of glutamatergic in-
puts. Clearly, the key to the understanding of why so many

separate circuits are needed will be information about their
activity in the behaving animal [108], but the subsets of
GABAergic neurones have not been identified in relation
to behaviour. Characterising the activity of identified cells
in anaesthetised animals in relation to specific be-
haviouraly relevant network activity has already proved
very informative [28]. Further studies in vitro may also
reveal the constraints on the timing of identified interneu-
ronal activity.

3.5. Connections between GABAergic cells

The early immunocytochemical studies showed that
many cortical GABAergic neurones are surrounded by
GABAergic synaptic terminals [31,99], some of which
were shown to originate from subcortical areas, such as the
medial septum, for the hippocampal formation [27] or the
basal forebrain [26] and zona incerta [66] for the isocortex.
The study of the synaptic output of interneurones also
revealed that a small but significant proportion of their
synapses are given to other interneurones
[14,29,42,52,56,57,88,106,113,121]. Interneurones respond
to local synaptic stimulation by both GABA , and GABA g
receptor-mediated mechanisms [15,51,62,86,101,106], and
following the blockade of excitatory amino acid transmis-
sion, connections between GABAergic interneurones are
able to maintain rhythmic network activity [82,151].

Recently, we have investigated the degree and cell type
selectivity of GABAergic interconnections both in the
hippocampus [20] and in the visual cortex [133] by intra-
cellular recordings from pairs of interneurones in vitro.
The examined interneurones innervated mainly pyramidal
cells, only a few percent of their synapses targeted other
interneurones. The postsynaptic domain selectivity in the
placement of synapses on other interneurones is main-
tained and is similar to the location on pyramidal cells
(Fig. 8). Thus, basket cells innervated the perisomatic
region of interneurones [20,121,133] and the dendritic
region of interneurones was innervated by cells innervating
the dendrites of pyramidal cells [133]. The number of
synapses formed by a basket cell on an individual interneu-
rone was 10 in the hippocampus and, depending on the
postsynaptic cell, up to 20 in the visual cortex, being very
similar to the numbers reported for unitary connections to
pyramidal cells [14,20,132,133]. Frequently, the connec-
tions could be shown to be reciprocal. The structural
similarity was paraleled by the similarity of postsynaptic
unitary IPSPs evoked by both basket and other interneu-
rones in different types of interneurones and principal cells
[20,102,133]. The responses evoked by low frequency
presynaptic activity appeared to be mediated exclusively
by GABA , receptors. The evaluation of the strength of
interactions in terms of the number of synapses to a given
neurone showed that in the visual cortex the connections
between basket cells, mediated by up to 20 synapses, are
stronger than their connections with double bouquet cells
targeting dendrites [133].
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Fig. 10. Simplified summary of the salient features of the basic cortical circuit, consisting of only one type of pyramidal cell (p) and a set of local circuit
GABAergic cells (filled circles) innervated by sets of extrinsic glutamatergic pathways (double arrow, here only one (1) shown for clarity). Ensembles of
pyramidal cells are extensively interconnected (2) and aso innervate some classes of GABAergic cell (3). The perisomatically terminating basket cells (B)
are also extensively interconnected(4) and innervate themselves through autapses (5). Distinct classes of GABAergic cells (C, one class shown for clarity)
innervate the pyramidal cells (6) and other GABAergic cells (7) in a domain specific manner, co-aligning their termination zone with glutamatergic
pathways (1). Some GABAergic cells (D) specidise in the innervation (8) of other GABAergic cells. Extrinsic GABAergic (9, filled arrow) and
monoaminergic (including ACh, not shown) afferents innervate (9) specific interneurone classes. The output of the circuit is predominantly via the
pyramidal axons (11, open arrows), influenced by the GABAergic axo-axonic cells (A), which are unique to the cortex and selectively innervate (10) the
axon initial segments. In the isocortex, this circuit is repeated in each layer, sometimes severa times as multiple sets of output neurones evolved, and both
tangential and columnar connections are established between the basic circuits through additional specific links, involving both the GABAergic and the

glutamatergic neurones.

The above described connections could be viewed as
being of no functional consequence, demonstrating a lack
of selectivity in GABAergic output from neurones that are
not equipped to differentiate between the principal cells
and other GABAergic neurones. However, the differential
weighting and the large number of synapses involved
argue against this scenario. It is unlikely that all GABAer-
gic interconnections have a single functional explanation
such as disinhibition downstream of the postsynaptic
GABAergic cell [52,88,101,113]. Disinhibition resulting
from the inhibition of GABAergic cells can be demon-
strated experimentally [10,100,144], and in intracortical
circuits could be evoked by selective and unidirectional
connections (see below) to interneurones. Connections be-
tween distinct types of neurones targeting different do-
mains of the same postsynaptic principal cell population
could lead to switching the balance of excitation and
inhibition from one membrane domain to another. For
example a basket cell providing simultaneous fast
GABAergic influence to the dendritically terminating bis-
tratified cell and to pyramidal cells [20] could lower
dendritic inhibition while increasing the somatic one. The
result of strong reciprocal GABAergic connections, e.g.
between basket cells, in fully operational networks may
depend on the state of the system, such as the presence or

absence of oscillatory population activity. Indeed, the abil-
ity of GABAergic connections to maintain rhythmic activ-
ity has been argued to be the basis of fast gamma fre-
quency oscillatory cortical activity [28,151].

In an exciting new development, the study of the synap-
tic target selectivity of GABAergic cells in the hippocam-
pus has led to the discovery of three novel classes of
GABAergic cells that mainly or exclusively target sub-
classes of other GABAergic cells[28]. Similar connections
may also exist in the isocortex [81]. These unexpected and
remarkably selective GABAergic circuits provide the best
scenario for both the domain specific disinhibition of
principal cell populations, and the synchronisation of spe-
cific interneurone populations [1,38].

3.6. Cell type specific self-innervation of cortical cells

In addition to subcortical, local nonselective or selective
GABAergic innervation of interneurones the fourth source
of GABA arises from self-innervating terminals forming
autapses on the soma and dendrites [20,95,133]. The num-
ber of autapses formed by GABAergic dendrite targeting
cells in the visual cortex can be up to 32, so far the most
numerous junctions reported for a single axon innervating
any cortical cell [132,134]. The autapses were both cell
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type specific, i.e. basket and dendrite targeting cells estab-
lished massive self-innervation, double bouquet cells made
few, if any, and axo-axonic cells lacked self-innervation.
Moreover, autapses are domain specific, i.e. those formed
by basket cells concentrated on the perisomatic region,
whereas those formed by dendrite targeting cells were
located on more distal dendrites (Fig. 9). These two fea-
tures of selectivity argue for a functional significance of
autapses, which are unlikely to result from random connec-
tivity. Although, in developing cortex, a number of au-
tapses have been reported for layer 5 pyramidal cells [69],
we found that out of 10 supragranular pyramidal cells only
one formed autapses in the adult cat’s visual cortex. There-
fore, large numbers of autapses appear to be a specific
feature of basket and dendrite targeting cells, presumably
related to the summation properties of their inputs and the
timing of their action potentials. Unlike other 1PSPs evoked
in the cell, those mediated by autapses will be precisely
timed to the cell’s action potentials and those EPSPs that
evoked them. These cells can sustain very high frequency
regular discharge, when activated by depolarising somatic
current injection. They appear to fire much more irregu-
larly, when driven by sensory stimuli in the visual cortex
[4]. It is possible that autapses in self-innervating cells
contribute to the pattern of discharge only at relatively low
excitatory drive. Activating a large GABA, receptor-
mediated conductance by the first action potential would
effectively shorten the time constant of the cell, shortening
EPSPs and favouring the activation of the cells by coinci-
dent inputs, as well as making the subsequent steady state
discharge more reliable. As evidenced by the high
current-evoked discharge, this mechanism would be over-
ridden by strong excitatory drive when inputs from other
neurones and network activity would govern the discharge
of self-innervating cells. Although these ideas remain to be
tested, it is likely that regulation of the frequency and
timing of GABAergic discharge was a major driving force
for the development of massive self-innervation.

4, Conclusions

The analysis of the salient features of cortical synaptic
connections has reveadled a remarkably selective array of
connections (Fig. 10). Yet, a highly adaptable design of the
basic circuit emerges, when comparisons are made be-
tween cortical areas. The basic circuit is best seen in the
hippocampus, where a relatively homogeneous set of spa-
tially aligned principal cells allows an easy visualization of
the organisational rules. Those principles which have been
examined proved to be identical or very similar in the
isocortex. Here, the basic circuit, scaled to specific require-
ments, is repeated in each layer, sometimes several times,
as multiple sets of output neurones evolved, requiring
subtly different needs for their inputs. Tangential intralam-
inar connections, present in both the hippocampus and

isocortex, connect output neurones with similar properties,
as best seen in the patchy connections in the isocortex. The
additional radial, layer by layer superposition of distinct
sets of output neurones, each representing and supported
by its basic circuit, requires a co-ordination of their activ-
ity, that is mediated by highly selective interlaminar con-
nections, involving both the GABAergic and the excitatory
amino acid releasing neurones. The remarkable specificity
in the geometry of cells and the selectivity in placement of
neurotransmitter receptors and synapses on their surface,
strongly suggest a predominant role for time in the coding
of information, but this does not exclude an important role
also for the rate of action potential discharge in cortical
representation of information [146].
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