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Neocortical GABAergic interneurons are a highly hetero-
geneous cell population that forms complex functional
networks and has key roles in information processing
within the cerebral cortex. Mechanisms that control the
output of these cells are therefore crucial in regulating
excitability within the neocortex during normal and
pathophysiological activities. In addition to subtype-
specific modulation of GABAergic cells by neurotrans-
mitters released by afferents from subcortical nuclei,
interneurons belonging to different classes are con-
trolled by distinct self-modulatory mechanisms, each
unique and powerful. In this article, we review the diverse
responses of neocortical interneurons to extrinsic and
intrinsic neuromodulators. We discuss how specificity
of responses might differentially influence inhibition in
somatodendritic compartments of pyramidal neurons
and affect the balance of activities in neocortical circuits.

Introduction
The neocortex is where sensory information is filtered,
processed and stored to enable complex behavioral func-
tions, such as perception and cognition. Networks of
locally projecting GABAergic inhibitory interneurons
sculpt the activities in cortical circuits through feed-
forward and feedback inhibition, and prevent runaway
excitation [1,2]. Inhibitory interneurons are also import-
ant in the generation of rhythmic activity in large
neuronal populations [3,4]. This oscillatory activity is
thought to be associated with physiological cortical
functions, underlying several cognitive tasks and specific
behaviors [3,4], in addition to pathophysiological phenom-
ena [5]. Thus, the control or modulation of interneuronal
activities is crucial in the function of neocortical circuits.
Several ascending neurotransmitter systems project
to the neocortex, where they specifically or preferentially
target GABAergic interneurons, thus affecting their func-
tionality [6,7]. In addition, transmitters and neuromodu-
latory substances released by cortical afferents can alter
interneuronal excitability, a phenomenon we define here
as ‘extrinsic modulation’. In addition, subclasses of inter-
neurons exhibit forms of ‘self-control’ or ‘intrinsic modu-
lation’ that arise as a consequence of their own activity
[8,9]. Note that this terminology differs from that used by
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Katz and Frost to describe effects of modulators on neural
circuit function [10]. Here, we review aspects of intrinsic
versus extrinsic modulation of two major cortical inter-
neuron subtypes, with emphasis on two new forms of
intrinsic modulation, their underlying cellular mechan-
isms, and potential functional effects. We discuss how
specific and selective modulation of GABAergic networks
might differentially influence activity of excitatory pyra-
midal neurons, and thus the output of neocortical circuits.

Neocortical interneuron heterogeneity in cortical layer 5
Neocortical GABAergic interneurons represent highly
heterogeneous groups of cells that can be classified accord-
ing to their anatomy, electrophysiology and expression of
Ca®*-binding proteins or neuropeptides [11-14]. Perhaps
the most functionally relevant distinctions between sub-
groups are the patterns of connections that they make
onto pyramidal cells (discussed later in this section),
suggesting that different subgroups have distinct roles in
the control of cortical activities.

In layer 5, the major class of GABAergic interneurons
consists of parvalbumin-positive, fast-spiking (F'S) cells
[12] that include multipolar basket cells and chandelier
cells [12]. These neurons generate fast, non-accommodat-
ing firing in response to depolarizing direct-current
injections [12,13] and they do not express the neuropep-
tides somatostatin (SST), cholecystokinin (CCK) or vaso-
active intestinal polypeptide (VIP) [9,12]. Low-threshold
spiking (LTS) interneurons represent another prominent
cell type in layer 5. These cells tend to generate bursts of
spikes following hyperpolarizing current steps and gene-
rally have a much lower firing frequency and more pro-
nounced spike frequency accommodation than FS cells
[13]. The LTS interneuronal subclass includes cells
expressing CCK [9], VIP [11,15] and SST [16], sometimes
in combination.

Important clues to specific roles of subtypes of
GABAergic cells derive from their different axonal
arborizations [12,13,17] and the sites of synaptic connec-
tions that they form with pyramidal neurons. LTS inter-
neurons tend to contact the dendrites of neocortical
pyramidal cells [18] (Figure 1la), suggesting that they
control the efficacy of glutamatergic excitatory inputs [4].
By contrast, F'S basket and chandelier cells target the
soma (Figure 1b) and axonal hillock of pyramidal neurons,
respectively [19,20] — ideal locations for controlling the
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Figure 1. Differential modulation of LTS and FS interneurons by ACh in layer 5 of rat
neocortex. (a) A biocytin-filled and reconstructed LTS interneuron in neocortical
layer 5. The cell body and dendrites are in red, the axon is in blue, and a schematic
pyramidal neuron is in gray. Note that the axonal plexus is vertically oriented,
extending toward the more superficial cortical layers. LTS interneurons tend to
make synapses more prominently on pyramidal neuron dendrites than do FS
interneurons. (b) A biocytin-filled and reconstructed FS cell in neocortical layer 5.
Color code as in (a). Note the extensive axonal arborization in the perisomatic
region. (c,d) Characteristic firing behavior of a LTS interneuron (c) and an FS
interneuron (d) in response to a suprathreshold depolarizing current injection.
(e) Puff application of ACh depolarizes LTS cells, causing action potential firing (i),
through nicotinic ACh receptor activation that is blocked by hexamethonium (ii).
(f) By contrast, ACh application hyperpolarizes FS interneurons (i), an effect blocked
by the muscarinic receptor antagonist scopolamine (ii). Arrowheads in (e,f) indicate
the time of ACh application. (g,h) The hypothetical change in the flow of excitation
induced by ACh. Single cortical columns are drawn as cylinders. Under control
conditions (g), intracolumnar excitation (vertical arrows) and intercolumnar
excitation (horizontal arrows) are counteracted by inhibitory output of LTS and
FS interneurons, respectively. When ACh is released (h), inhibition of FS inter-
neurons (as in f) and excitation of LTS cells (as in e) results in an increase of
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output and oscillatory synchronization of groups of
principal cells [4,21].

In addition to their output onto pyramidal cells,
neocortical GABAergic interneurons form distinct inter-
connected networks in which cells of a particular subtype
tend to be electrically [22—24] and chemically [25] coupled
to others in the same subclass. The strength, spatial
extent and anatomical localization of the connections
between interneurons are key features that regulate
inhibitory network oscillations [24,26], which strongly
influence the firing of principal cells [27].

In this scenario, selective modulatory actions that
affect one or the other of these interneuronal networks
will modify oscillatory neocortical networks and differen-
tially alter the input—output functions of pyramidal neu-
rons and the flow of information through cortical circuits.

Extrinsic modulation of neocortical interneurons

The neocortex is the target of ascending neurotransmitter
systems, including those containing ACh, 5-hydroxytrypt-
amine (5-HT or serotonin), dopamine and noradrenaline.
Modulation of interneurons by these transmitters is
essential for many neocortical operations and defects in
these neuromodulatory pathways can be associated with
significant psychiatric pathologies, such as schizophrenia
and depression [28]. Axons of these ascending transmitter
systems diffusely innervate the neocortex. Some terminals
make classical synapses and mediate fast and precise
synaptic transmission; for example, there is evidence for
both fast ACh-mediated and 5-HT-mediated synaptic
transmission in cortical neurons [29,30]. However, most
terminals of these ascending systems are not associated
with a specialized postsynaptic structure, suggesting that
they activate extrasynaptic receptors and their role is
neuromodulatory, rather than specifically synaptic
[31-33]. Non-synaptic volume transmission mediated by
such diffusely projecting systems can activate multiple
cells simultaneously and thus efficiently modulate activi-
ties in large areas of the neocortex.

Interneurons are a major target of these modulators
[6,7,34,35]. The selective effects of extrinsic modulation on
cortical activity could occur through activation of specific
receptors located on subtypes of interneurons whose axons
have a particular set of targets in the cortical circuit. The
actions of ACh on F'S and LTS interneurons in layer 5 of
rat visual cortex illustrate such effects [36].

The ‘cholinergic switch’

The major cholinergic innervation of the cerebral cortex
originates from neurons in the basal forebrain [37,38], and
ACh-mediated entrainment of the neocortex is thought to
have major roles in synaptic plasticity and in controlling
cortical network activity during wakefulness [37,38]. ACh
receptor agonists are robust inducers of network oscil-
lations in neocortical circuits [39]. Application of ACh onto

intercolumnar excitation (dark horizontal arrows) and in a decrease of intra-
columnar excitation (dashed vertical arrows). Panels (a,b) modified, with
permission, from [13] © (2003) the Society for Neuroscience; (c-f) modified, with
permission, from [36].
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cortical interneurons elicits distinctly different responses,
depending on the interneuron subtype. ACh hyper-
polarizes FS cells in layer 5 of rat visual cortex, through
activation of muscarinic receptors positively coupled to
K™ channels (Figure 1d,f), and it excites LTS interneurons
through nicotinic receptors that activate cationic channels
(Figure 1c,e) [36]. Similar excitatory nicotinic effects of
ACh occur in SST-, VIP- and/or CCK-containing inter-
neurons in layers 2, 3 and 5 [15,40] that commonly show
LTS firing behavior [9,11,12,15,41]. The distribution of
layer 5 FS cell axons tends to be intralaminar, with
significant horizontal (intercolumnar) connectivity on
somata and proximal dendrites of pyramidal cells,
whereas axons of LTS cells extend more vertically between
laminae [36] (Figure la,b). Muscarinic inhibition of FS
cells would thus enhance trans-columnar excitation by
indirectly increasing pyramidal cell output through
disinhibition, whereas nicotinic excitation of LTS inter-
neurons would decrease intracolumnar excitation by
enhancing GABAergic inhibition of dendrites (Figure 1g,h).
Such effects would have functional consequences for gating
information directed to and coming from pyramidal
neurons, and thus affect information flow in cortical circuits.
Other effects of ACh, such as direct excitation of pyramidal
cells [42] and presynaptic terminals [43], make the net
influence of cholinergic innervation difficult to predict.

Are selective actions on interneuronal subclasses a
common feature of other ascending transmitter
systems?

The actions of dopamine, 5-HT and noradrenaline in the
neocortex provide additional support for the hypothesis
that these transmitters differentially affect subgroups of
neocortical interneurons.

Dopaminergic innervation

Dopamine is released onto cortical neurons from meso-
cortical afferents originating in the ventral tegmental area
of the midbrain [44] and is a key modulator of cognitive,
motivational, neuroendocrine and motor functions [45,46].
Dopamine-containing fibers target pyramidal cells and
interneurons expressing both D1 and D2 receptors [47,48].
Dopamine has complex actions on GABAergic inter-
neurons [49,50]. However, of interest in relation to the
hypothesis presented here, paired recordings from inter-
neurons and pyramidal cells in ferret prefrontal cortex
show that dopamine differentially modulates inhibition of
pyramidal cells from FS versus non-FS interneurons.
Dopamine decreases release of GABA onto pyramidal cells
through effects on D1 presynaptic receptors on terminals
of F'S cells (Figure 2a,i), whereas inhibition from non-FS
interneurons onto pyramidal cells is enhanced, presum-
ably owing to a postsynaptic effect [51] (Figure 2a,ii). The
consequences of these effects appear to be similar to those
already described for ACh — that is, decreases in somatic
inhibition of pyramidal cells due to effects on soma-
targeting FS cells, and enhanced distal inhibition by
dendrite-targeting non-FS interneurons. These results
indicate that different subclasses of interneurons might
express different dopamine receptors and/or that expres-
sion of the same receptor in either the soma or the axon
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Figure 2. Selective modulation of different neocortical interneuron subtypes by
dopamine and noradrenaline. (a) Recordings from two synaptically-connected
pairs of neurons, each formed by a presynaptic interneuron and a postsynaptic
pyramidal cell. The presynaptic interneurons are of FS (i) and non-FS (ii) subtypes.
Dopamine (DA) application decreases the size of the unitary (u)IPSP elicited by FS
cell action potentials and enhances the ulPSP triggered by a non-FS cell. (b) The
noradrenaline agonist 6-fluoronorepinephrine (FNE) induces either a biphasic
response (i; hyperpolarization followed by depolarization) or a prominent hyper-

polarization (ii) in CCK-containing interneurons. (¢) The same agent induces
prominent depolarization of membrane potential in both a FS (i) and a SST-
containing (ii) cortical interneuron. In these experiments, glutamatergic neuro-

transmission was blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and
2-amino-5-phosphovalerate (APV) and action potentials were blocked by tetrodo-
toxin (TTX). These pharmacological manipulations are essential to avoid indirect
network effects and isolate the effect of noradrenaline on interneuron membrane
excitability. The same experiment performed in the absence of TTX [14] (not shown
here) revealed that, although depolarized, FS interneurons do not respond with
intense firing, in contrast to SST-containing cells [14]. Panel (a) modified, with
permission, from [51] © (2003) the Society for Neuroscience; (b—-d) modified,
with permission, from [14] © (1998) the Society for Neuroscience.

might lead to opposite effects even in the same inter-
neuron subtype [50,51].

Modulation of interneurons by noradrenaline and 5-HT
As is the case for ACh and dopamine, there is evidence
that both noradrenaline and 5-HT are extrinsic modu-
lators of neocortical interneuron function, and that their
effects can differentially affect subgroups of GABAergic
cells. The bulk of adrenergic innervation of the neo-
cortex originates in the locus coeruleus [52]. In the
neocortex, noradrenaline application results in increased
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GABA-mediated neurotransmission onto pyramidal cells,
probably due to a-adrenoceptor-dependent direct excita-
tory action on interneurons [14,53]. However, these
actions are heterogeneous among different groups of
interneurons. For example, although noradrenaline
induces depolarization in many interneuron types, it
triggers firing only in SST-containing cells and a subset
of CCK-positive interneurons, not in F'S and late-spiking
interneurons. In addition, some CCK-containing inter-
neurons generate a biphasic response (hyperpolarization
followed by depolarization) whereas others are hyper-
polarized by noradrenaline agonists [14] (Figure 2b,c). All
of these effects appear to be mediated by activation of
a-adrenoceptors that modulate somatodendritic K*
channels. The heterogeneous actions of noradrenaline on
interneuron subtypes could underlie its variable effects on
pyramidal cell monosynaptic inhibitory postsynaptic
currents (IPSCs) [53]. Similar heterogeneity is seen in
the responses of neocortical interneurons to 5-HT, which
primarily inhibited LTS neurons but had more mixed
effects on F'S cells [54].

We should note that details regarding extrinsic modu-
lation described here are likely to differ depending on
species, cortical area and lamina [12,36,55,56]. None-
theless, the evidence available strongly suggests that
selective modulation of interneuron subclasses by a given
agent or specific mechanism is an important general
principal by which GABAergic inhibition shapes and
controls the flow of information in cortical circuits.

Intrinsic modulation of neocortical interneurons:

two forms of self-inhibition

Autaptic inhibition of FS interneurons

In addition to the effects of neurotransmitters released by
activity of other cells (extrinsic modulation), GABAergic
interneurons can regulate their own excitability through
activity-dependent mechanisms. GABA itself, released
during action potential discharges in an interneuron, can
synaptically modulate activities of the same cell, a
phenomenon known as autaptic transmission. The mor-
phological evidence of putative autaptic contacts was
initially found in pyramidal neurons of the neocortex [57].
Subsequently, autaptic contacts morphologically identical
to other inhibitory synapses were convincingly demon-
strated in neocortical basket interneurons (Figure 3a,b),
where ‘massive’ self-innervation was even more promi-
nent than innervation formed by synapses from other
GABAergic neurons [58]. Such autapses were fully
functional in layer 5 FS interneurons of neocortical slices
(Figure 3c), where inhibitory autaptic responses were
powerful (6-10nS), highly reliable, and common
(in ~85% of tested cells) [8]. As might be predicted from
morphological studies [58], autaptic currents are detect-
able in F'S but not LTS cells in layer 5.

In neocortical FS cells, autaptic transmission is
responsible for powerful shunting inhibition that has a
time course similar to that of the hyperpolarization
following each spike, and which serves to modulate firing
during a train of action potentials [8] (Figure 3d,e).
Autaptic transmission is the fastest and most efficient
way for interneurons to receive feedback inhibition:
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without functional autapses, feedback inhibition on inhi-
bitory interneurons would require much more elaborate
circuits [59].

What is the functional role of autaptic transmission in
F'S basket cells? During cortical oscillations, F'S cells act
as timers that synchronize the activity of temporally
disorganized groups of pyramidal neurons [21,60]. Basket
cells perform this function by cyclically and synchronously
switching off clusters of pyramidal neurons through
somatically-targeted inhibitory synapses [4,60]. Indivi-
dual inhibitory postsynaptic potentials (IPSPs) are rela-
tively weak so that synchronicity requires the concurrent
firing of many FS cells [27] generated by the synergistic
action of somatodendritic electrical coupling and proxim-
ally targeted GABAergic synapses [61]. Because autapses
target cell bodies and proximal dendrites of neocortical
basket cells [58], inhibitory autaptic transmission could be
a pivotal mechanism that enables FS cells to sense their
own firing and regulate it in phase with that of other
FS cells, resulting in synchronous inhibitory neurotrans-
mission onto pyramidal neurons.

Endocannabinoid-mediated self-inhibition of LTS
interneurons

The relatively small number of LTS cells in the neocortex
suggests that these interneurons are not involved in syn-
chronizing large groups of pyramidal cells [21], even
though there is evidence that layer 4 LTS interneurons
oscillate synchronously when activated by agonists of
metabotropic glutamate and ACh receptors [24]. Rather,
it seems likely that these interneurons have a crucial role
in filtering glutamate-mediated excitation of pyramidal
cell dendrites.

Despite their lack of GABAergic autaptic innervation,
LTS interneurons are capable of self-modulation through
a completely different mechanism. During sustained
action potential activity, LTS interneurons develop a
prominent hyperpolarization that can last tens of
minutes. This self-induced slow long-lasting inhibition
(SSI) is mediated by endocannabinoids acting on the same
LTS neurons that produced them [9]. The likely sequence
of events leading to endocannabinoid activated hyper-
polarization of LTS cells is shown in Figure 4(a,b).
Membrane depolarizations, such as those induced by
action potentials, activate voltage-dependent Ca®™
channels, leading to increases in intracellular Ca®*
concentration that in turn trigger synthesis of endocan-
nabinoids. Once synthesized, endocannabinoids presum-
ably travel within the lipophilic membrane and bind to
CB; receptors expressed by the same neurons. There, they
persistently activate a G-protein-coupled inward-rectify-
ing K* (GIRK) current, resulting in increased membrane
conductance and hyperpolarization of the cell [9]. After
‘self-treatment’ with endocannabinoids, LTS interneurons
thus become less excitable and require much stronger
depolarizing stimuli to reach the threshold for triggering
action potentials. One important consequence of this tonic
endocannabinoid-dependent silencing of LTS inter-
neurons would be a long-term decrease in the dendritic
inhibition that normally filters excitatory glutamatergic
synaptic transmission onto pyramidal cells and improves
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Figure 3. Functional autaptic transmission modulates firing frequency in neocortical FS interneurons. (a) Partial reconstruction of a biocytin-filled basket cell from adult cat
neocortex showing the axon (black) making eight putative contacts with its own cell body and proximal dendrites (red). (b) The morphology of autaptic contacts was
confirmed by electron microscopy as shown in another filled basket cell. Note the black biocytin-filled presynaptic terminal (a5) stemming from an axon (ax) and contacting
the biocytin-filled dendrite (d) of the same cell. Morphology of autaptic contacts is undistinguishable from synaptic terminals originating from other neurons (t). Scale bar,
0.3 um. (¢) Functional GABA-mediated autaptic transmission is present in FS interneurons of rat neocortex. (i) In voltage-clamp, brief voltage-command steps to 10 mV (from
Vhota= —70 mV) induce axonal action potentials (Na™ current) followed by gabazine-sensitive responses. Note the fixed latency (dashed line) and peak amplitude fluctuation,
consistent with unitary IPSCs. (ii) The trace resulting from subtracting the gabazine-averaged trace from the control-averaged trace (20 traces in both control and gabazine
conditions). (d) Modulation of action potential firing by functional autapses in FS interneurons. Representative traces of perforated-patch recordings from an FS interneuron
firing in response to a depolarizing currentinjection, in control conditions (black) and in the presence of gabazine (red). Injected current, 500 pA; resting membrane potential,
—67 mV. (e) Plots of instantaneous frequency versus time for the same cell as in (d) in control conditions (open symbols) and in the presence of gabazine (filled symbols) at
different current-injection levels. In gabazine, firing frequency is increased at all stimulus intensities, and spike-frequency adaptation becomes prominent. Panels (a,b)

modified, with permission, from [58] © (1997) the Society for Neuroscience; (c,e) modified, with permission, from [8] © (2003) the Society for Neuroscience.

the ability of a pyramidal neuron to differentiate between
background activity and more significant inputs. As shown
in Figure 4(c), the occurrence of SSI in LTS cells would
probably alter information flow in cortical circuits. During
intense activation of LTS interneurons, as might occur
during epileptiform activity, development of SSI would
provide positive feedback to pyramidal neurons through
disinhibition and contribute to the avalanche of runaway
excitation that characterizes a prolonged ictal episode.
Fast autaptic GABAergic transmission and slow endo-
cannabinoid-mediated self-inhibition represent distinct
mechanisms by which cortical interneurons respond to
their own discharges. It will be of great interest to determine
how activation of these two different forms of feedback
inhibition directly influences F'S and LTS GABAergic net-
works, and consequently the activity of pyramidal neurons.

Are endocannabinoids extrinsic or intrinsic modulators?
Endocannabinoids are identified mainly in two endogen-
ous lipids: anandamide, the ethanolamide of arachidonic
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acid, and 2-arachidonoyl-glycerol (2AG) [62,63], a lipid
intermediate in phospholipid turnover. Anandamide and
2AG are synthesized through different biochemical path-
ways, both within the plasma membrane and both using
phospholipids as precursors. Interestingly, the biosyn-
thesis of both anandamide and 2AG depends strongly on
elevation of intracellular Ca?" concentration [62—65], such
as occurs during sustained neuronal activity.

In cortical structures, immunohistochemical and in situ
hybridization studies indicated that the neuronal isoform
of endocannabinoid receptor CB; is expressed selectively
in GABAergic interneurons coexpressing the neuropep-
tide CCK [63,66—68], which commonly show LTS firing
behavior [9,69]. At the cellular level, CB; receptors are
located mainly in axons and particularly in presynaptic
GABAergic terminals [63,66], although some somatic
staining for CB; receptors suggests that they are also
present in the somatodendritic compartment [63]. In addi-
tion, new evidence indicates that neocortical excitatory
glutamatergic terminals might also express cannabinoid
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Figure 4. Self-modulation by endocannabinoids in LTS interneurons. (a) Current-
clamp recording from a LTS interneuron responding to ten consecutive 600-pA
depolarizing current pulses (circles) with a long-lasting hyperpolarization (asterisk),
resulting in slow self-inhibition (SSI). Scale bars, 1 min and 5 mV. Upper inset: LTS
firing behavior of the same cell. Scale bars, 250 ms and 20 mV. Lower insets: first
and last responses from the main part of this panel, showing intense action
potential firing. Scale bars, 2.5 s and 20 mV. (b) SSI induction is prevented by the
endocannabinoid receptor blocker AM251 (5 uM), even though intense action
potential firing can still occur (inset), indicating that the long-lasting hyperpolar-
ization is triggered by an autocrine-like endocannabinoid action. Scale bars, 5 mV
and 2 min, and 20 mV and 500 ms (inset). (¢) How endogenous cannabinoids might
regulate cerebral cortical excitability. A LTS neuron (blue) connects to pyramidal
cell dendrites (D) that receive excitatory inputs from other glutamatergic neurons.
Downward arrows indicate the main direction of information flow. The LTS cell
normally restricts flow of information so that only some incoming signals reach the
cell body and are transmitted through the axon (A). During times of increased
activity, LTS cells are exposed to their own endocannabinoids and inhibit
themselves (indicated by the ‘stoned’ neuron), relaxing their inhibitory ‘grip’ on
pyramidal cells. This enables unimpeded flow of messages through the pyramidal
cells (wide downward arrow). Similar actions could explain some of the cognitive
effects of marijuana. Panels (a,b) modified, with permission, from [9] © (2004)
Nature Publishing Group.
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receptors whose activation depresses excitatory synaptic
transmission [70].

The immunohistochemical evidence for presynaptic
localization of CB; receptors in cortical interneurons
is consistent with the known effect of endocannabinoids
to decrease GABAergic neurotransmission [4,71,72]. In
many CNS areas, including the cerebellum, hippocampus
and neocortex, endocannabinoids are responsible for the
short-term plasticity phenomena termed depolarization-
induced suppression of inhibition (DSI) and excitation
(DSE) [63,73—77]. The suggested mechanism for these
phenomena is a depolarization-dependent, and thus
Ca®"-dependent, synthesis of endocannabinoids in the
postsynaptic cells. Endocannabinoids are then released
and act as retrograde messengers on presynaptic
terminals with a consequent reduction of Ca?*-dependent
synaptic release [63].

Endocannabinoid-dependent SSI in LTS interneurons
[9] differs from DSI and DSE in several important
respects. There is a striking difference in time course,
with DSI and DSE lasting a few tens of seconds, whereas
SSI can last for several tens of minutes. The ion channels
that couple receptor activation to the functional effect
are also different: DSI and DSE involve a CB;-receptor-
dependent decrease of presynaptic Ca?" channel function
[62,63], whereas SSI involves persistent activation of
postsynaptic GIRK channels [9]. Finally, DSI and DSE
presumably result from retrograde signaling involving
release of endocannabinoids from postsynaptic neurons
into extracellular space, where they affect CB; receptors
on presynaptic terminals of neighboring interneurons
[62,63] (Figure 5a). In the case of SSI in neocortical LTS
interneurons, however, it seems likely that endocannabin-
oids never leave the membrane. Indeed, the proposal that
endocannabinoids are released into the extracellular
space is chemically counterintuitive because of the highly
lipophilic structure of these molecules [62]. In addition,
the endocannabinoid-binding site with CB; receptors is
within the membrane-spanning region of the receptor
[78]. Hence, it is conceivable that LTS interneurons pro-
duce endocannabinoids that are not released, but rather
remain floating in the membrane until they trigger a local
signaling by binding to nearby CB; receptors (Figure 5b).
Although interpretation of the experiments on DSI and
DSE requires endocannabinoids to be released from the
postsynaptic cell, in the case of SSI this would not be
necessary. In other words, SSI might be a long-lasting
modification of neuronal excitability triggered by an
activity-dependent change of plasma membrane lipid
composition. If this were the case, there would not be
any spread of the endocannabinoid signaling to
neighboring cells.

On a related note, although the blockade of DSI and/or
DSE by CB; receptor antagonists indicates that endo-
cannabinoids are indeed involved in these short-term
synaptic plasticity phenomena, there is little direct
evidence that endocannabinoids themselves are released
and thus are the retrograde signals underlying DSI and
DSE. One alternative possibility is that a hydrophilic
retrograde messenger released by the postsynaptic neuron
triggers endocannabinoid signaling, acting locally within
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Figure 5. Models of endocannabinoid signaling: depolarization-induced suppres-
sion of inhibition and excitation (DSI| and DSE) versus slow self-inhibition (SSI).
There are two possible pathways for endocannabinoid signaling at neuronal
membranes: one in which endocannabinoids (red hairpin-like molecules) are
retrograde signals traveling between cells (a) and one in which the endocannabi-
noid signaling pathway resides entirely within the membrane (b). (a) In the
mechanism proposed to underlie DSI and DSE, elevation of intracellular Ca?*
concentration ([Ca2*];) in the postsynaptic cell causes lipases (green circles) to
produce endocannabinoids. These are released from the postsynaptic membrane
into the intersynaptic space and travel ‘back’ to presynaptic terminals where they
activate CB, receptors (orange). This leads to transient suppression of presynaptic
Ca?*-channel activity, thus inhibiting neurotransmitter release. In the neocortex
and hippocampus, postsynaptic pyramidal neurons are believed to be the source of
endocannabinoids acting on interneuronal GABAergic terminals [63]. (b) In the
proposed mechanism of LTS interneuron SSI (Figure 4), [Ca®T]; elevations
produced by repetitive firing or other signals trigger synthesis of endocannabi-
noids, which remain in the membrane owing to their lipophilic structure and so
bind to cannabinoid receptors expressed by the same cell. This postsynaptic
intrinsic phenomenon results in a persistent K" -channel-dependent hyperpolariz-
ation, probably due to G;-protein activity that is coupled to cannabinoid receptor
activation.

the presynaptic membrane of CB;-expressing GABAergic
interneurons.

Endocannabinoids might thus influence interneurons
in two different ways: a short-term extrinsic decrease in
activity of a presynaptic Ca?" channel, and a long-term
intrinsic increase in activity of a postsynaptic hyperpolar-
izing K" conductance. In the neocortex, endocannabinoid-
mediated modulation appears to occur only in non-FS cells,
such as layer 5 LTS interneurons and irregular-spiking
interneurons of layer 2/3 [9,79], because FS cells are devoid
offunctional cannabinoid receptors in both their presynaptic
terminals [74,80] and their cell bodies [9].
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Concluding remarks

Perhaps the most elaborate cognitive and behavioral
functions performed by the neocortex result from particu-
lar activity states of specific interneuron subtypes, whose
number is likely to correlate with complexity of cortical
networks [21]. In other words, neocortical interneurons
are specific modulators of cortical activities, a function
accomplished through precisely targeted GABAergic
synaptic contacts onto pyramidal neurons, and heavily
influenced by external modulators. Analysis so far sug-
gests a common theme in cortical interneuron modulation
— differential effects on subclasses of cells by both intrinsic
and extrinsic neurotransmitters. This differential modu-
lation of interneuron subtypes adds a level of complexity
in the multicultural melting pot of cortical interneuron
diversity. Diverse inhibitory networks, each one communi-
cating in its own code consisting of different firing and
synaptic transmission properties, might be thought of
as specific translators of the many languages spoken in
subcortical nuclei, where different modulatory signals
arise. Messages delivered from these deep brain areas are
thus often differently interpreted by distinct interneuron
subclasses and therefore differently communicated to
separate domains of neocortical principal cells in various
spatial distributions. A specific neurotransmitter might
activate a subset of GABAergic interneurons, which in
turn start firing coherently to recruit a large population of
pyramidal cells, transforming their behavior from one of
disorganized chattering to specific patterns of synchron-
ized rhythmic activity. The same neurotransmitter sensed
by a different interneuron subclass will have an opposite
effect, resulting in decreased activity and thus diminished
inhibition of pyramidal cell dendrites, with potential
crucial consequences for information filtering. In addition
to this diverse capability of interpreting extrinsic modu-
lation, neocortical interneurons can also listen to their
own voices and generate intrinsic modulation in response
to their activity.

The most important difference between intrinsic versus
extrinsic modulation of neocortical interneurons is the
spatial spread of the signal. With some notable exceptions,
extrinsic modulators such as peptides, monoamines and
catecholamines are released from diffusely targeted axons
at nonsynaptic sites, and through resulting volume
transmission a large number of cells might be recruited
each time release occurs. By contrast, the effects of self-
induced modulation, such as GABAergic autaptic trans-
mission and endocannabinoid-mediated SSI, remain
within the cell that originated them. Volume transmission
of extrinsic modulators might then have coarse, albeit
diverse effects on a large population of GABAergic cells,
on top of which single interneurons modulate themselves
providing fine (single-cell-mediated) tuning of down-
stream pyramidal cell activities.
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