Three Groups of Interneurons Account for Nearly
100% of Neocortical GABAergic Neurons
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ABSTRACT: An understanding of the diversity of
cortical GABAergic interneurons is critical to under-
stand the function of the cerebral cortex. Recent data
suggest that neurons expressing three markers, the
Ca2+-binding protein parvalbumin (PV), the neuropep-
tide somatostatin (SST), and the ionotropic serotonin
receptor SHT3a (SHT3aR) account for nearly 100% of
neocortical interneurons. Interneurons expressing each
of these markers have a different embryological origin.
Each group includes several types of interneurons that
differ in morphological and electrophysiological prop-
erties and likely have different functions in the cortical
circuit. The PV group accounts for ~40% of GABAer-
gic neurons and includes fast spiking basket cells and
chandelier cells. The SST group, which represents

~30% of GABAergic neurons, includes the Martinotti
cells and a set of neurons that specifically target
layer IV. The SHT3aR group, which also accounts for
~30% of the total interneuronal population, is hetero-
geneous and includes all of the neurons that express the
neuropeptide VIP, as well as an equally numerous sub-
group of neurons that do not express VIP and includes
neurogliaform cells. The universal modulation of these
neurons by serotonin and acetylcholine via ionotropic
receptors suggests that they might be involved in
shaping cortical circuits during specific brain states
and behavioral contexts. © 2010 Wiley Periodicals, Inc. Develop
Neurobiol 71: 45-61, 2011
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INTRODUCTION

In neocortex, neurons releasing the neurotransmitter
GABA are, throughout most part of the life of the
animal, local inhibitory interneurons believed to
play fundamental roles in shaping cortical circuits. In
addition to releasing GABA, these cells are a source
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of neuropeptides that have important functions in
modulating cortical function. The large diversity of
GABAergic interneurons that have arisen through
evolution has provided the means by which the
cerebral cortex can perform complex operations.
Interneuron subtypes differ in morphology, intrinsic
membrane properties, connectivity, and the efficacy
and dynamics of input and output synapses, and
these differences are associated with the expression
of specific molecular markers (Cauli et al., 1997,
Kawaguchi and Shindou, 1998; Markram et al., 2004;
Somogyi and Klausberger, 2005; Yuste, 2005; Ascoli
et al., 2008). GABAergic interneuron subtypes also
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differ in their response to neuromodulators, actions
that profoundly affect the function of neocortical
circuits and are responsible for dynamic changes asso-
ciated with changes in brain states and behavioral
context (Kawaguchi, 1997; Xiang et al., 1998; Gao et
al., 2003; Bacci et al., 2005; Fanselow et al., 2008;
Kruglikov and Rudy, 2008). Although they represent
a minority of all cortical neurons (10-20% in
rodents), their axons ramify extensively, controlling
the entire neuronal population of the cortex.

GABAergic interneurons control information flow in
the cortex by targeting specific domains of the principal
neurons and thereby controlling specific spatiotemporal
aspects of their activity. GABAergic interneurons are
believed to play important roles in controlling the tim-
ing of pyramidal cell firing, synchronizing network ac-
tivity, and the generation of cortical rhythms; they seem
to play an important role by responding to dynamic
changes in excitation, increasing the dynamic range of
cortical circuits, controlling sensory receptive fields and
plasticity, and maintaining the excitatory and inhibitory
balance necessary for the transfer of information while
preventing runaway excitation (McBain and Fisahn,
2001; Pouille and Scanziani, 2001; Wehr and Zador,
2003; Markram et al., 2004; Trevelyan et al.,
2006; Klausberger and Somogyi, 2008; Haider and
McCormick, 2009). The required precision of these
functions, both spatially and temporally, likely depend
on the existence of a variety of interneuron types.
Understanding interneuron diversity is thus critical to
understand information processing within the cerebral
cortex (Ascoli et al., 2008). Moreover, malfunction of
these neurons has been implicated in a number of dis-
eases ranging from epilepsy to schizophrenia, anxiety
disorders and autism (Cossart et al., 2001; Noebels,
2003; Levitt et al., 2004; Cobos et al., 2005; Gonzalez-
Burgos and Lewis, 2008).

This has resulted in major efforts to determine
cortical interneuron diversity and characterize the
anatomical and functional properties of interneuron
subtypes (DeFelipe et al., 1993; Gonchar and
Burkhalter, 1997; Markram et al., 2004; Ascoli
et al., 2008).

In this article, we present a further contribution to
this effort. It is largely based on the analysis of a pop-
ulation of GABAergic interneurons in mouse neocor-
tex that express the ionotropic serotonin receptor
5HT3a (SHT3aR). This analysis has provided strong
evidence that three major groups of neurons, those
expressing the Ca?*-binding protein parvalbumin
(PV), those expressing the neuropeptide somatostatin
(SST), and those expressing SHT3aRs account for
nearly 100% of GABAergic neurons in somatosen-
sory (S1) cortex.
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5HT3aR-BACE®™" Mice Reliably Allow the
Identification of 5SHT3aR-Expressing
Neurons in Neocortex

The analysis of SHT3aR-expressing interneurons was
facilitated by the availability of transgenic mouse
lines expressing EGFP in these neurons (SHT3aR-
BACE™P mice). Two different SHT3aR-BACE™”
mouse lines have been made, one by the Monyer lab
at the University of Heidelberg (Inta et al., 2008) and
one by the NINDS GENSAT project at Rockefeller
University. The SHT3aR-BAC*“"" mouse lines were
generated using a bacterial artificial chromosome
(BAC) containing the promoter region of the
5SHT3aR gene to control expression of EGFP. Using
the GENSAT line, Lee et al. (2010) found a nearly
perfect overlap between EGFP and SHT3a receptor
mRNA expression in the neocortex. There were no
false positives, no neuron expressed EGFP that
did not also contain 5SHT3aR mRNA transcripts.
Conversely, there were virtually no false negatives
because 99.8 = 0.3% of neocortical cells expressing
the receptor were EGFP positive. Furthermore, it is
likely that SHT3aR mRNA expression reliably reports
on the presence of functional receptors. Functional
responses were detected to the specific SHT3aR-ago-
nist mCPBG in more than 40 EGFP-positive neurons
recorded in the cortex of this transgenic line (Lee
et al., 2010, also see below).

Three Major Groups of Neurons:

(1) PV-expressing basket and chandelier
neurons; (2) SST-expressing neurons; and
(3) 5HT3a receptor-expressing neurons
account for nearly 100% of GABAergic
interneurons in somatosensory cortex

Calcium-binding proteins and neuropeptides have
been used as markers that distinguish among cortical
interneurons (Defelipe et al., 1989; Hendry et al.,
1989; DeFelipe, 1993; Cauli et al., 1997; Gonchar
and Burkhalter, 1997; Kawaguchi and Kubota, 1997;
Markram et al., 2004; Somogyi and Klausberger,
2005; Ascoli et al., 2008). Numerous studies of rat
and mouse brain tissue have suggested that among
these, the Ca**-binding protein PV and the neuropep-
tide SST, are particularly useful because they define
nonoverlapping groups of interneurons in the neocor-
tex (Gonchar and Burkhalter, 1997; Kawaguchi and
Kubota, 1997; Ascoli et al., 2008). Our own studies
in mouse have confirmed this conclusion; neurons
expressing PV (as detected by immunofluorescence)
do not express SST protein and vice versa (Lee et al.,
2010). We do find that using in situ hybridization



(ISH) some PV-containing neurons (<10%) in soma-
tosensory cortex contain SST mRNA. The overlap is
largest in layer VI where ~16.3% of PV cells
express SST mRNA (Lee et al., 2010). Furthermore,
RT-PCR of FACS purified PV-expressing neurons
shows SST mRNA expression in a large percentage
of the samples (Jeong and Rudy, unpublished obser-
vations). Together, the data suggest that although a
fraction of PV neurons may express SST mRNA tran-
scripts, SST protein levels are absent or are too low
to be detected by immunohistochemistry (IHC).
Thus, the data support the view that PV and SST
protein expression defines two independent groups
of GABAergic interneurons. These two groups of
neurons account for 40 and 30% of GABAergic inter-
neurons in somatosensory cortex, respectively
(Miyoshi et al., 2010; Xu et al., 2010; Lee et al.,
2010) (Fig. 1).

It has been known for some time that SHT3a
receptors in neocortex are present exclusively in
GABAergic neurons (Morales and Bloom, 1997; Fer-
ezou et al., 2002; Puig et al., 2004) and that SHT3aR-
expressing cells do not express PV or SST (Ferezou
et al., 2002), suggesting that the receptor is present in
neuronal populations distinct from those expressing
these two markers. There are no antibodies to the
SHT3a receptor available, precluding the use of IHC
to determine the size of the SHT3aR-expressing inter-
neuron population and estimate its contribution to the
total interneuron family. The availability of a GFP
mouse line that reliably reports the presence of
SHT3a receptors allowed us to characterize this inter-
neuron population (Lee et al., 2010). Consistent with
the view that SHT3aR interneurons are distinct from
the PV- and SST-expressing populations, no overlap
was detected between PV or SST IHC and GFP
expression in the SHT3aR-BAC*“"" mouse. Qualita-
tive observation of EGFP fluorescence in neocortical
sections from the SHT3aR-BAC*“"" mouse suggests
that the population of 5HT3aR neurons is large and of
comparable size to the PV and STT groups (Lee et
al., 2010; Vucurovic et al., 2010). Double ISH for the
pan-GABAergic marker GAD67 and for PV, SST, or
SHT3aR was used to quantify the three interneuron
populations and to determine the proportion and layer
distribution of GADG67-expressing neurons that
express each of these markers. In addition, double
ISH for PV and SST was used to determine the over-
lap of these two markers. This analysis revealed that
SHT3aR neurons account for ~30% of the total pop-
ulation of GABAergic neurons, and that three group
of neurons, those expressing PV, SST, and SHT3aR,
account for nearly all, if not all, GABAergic inter-
neurons in primary somatosensory cortex (Fig. 1).
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Figure 1 Distribution of three groups of GABAergic
interneurons in S1 cortex. Shown are the proportions of
GAD-67 mRNA-expressing neurons also expressing mRNA
for parvalbumin (PV), somatostatin (SST), or SHT3aR based
on the study by Lee et al. (2010). PV-expressing interneur-
ons (including those expressing SST mRNA) account for
~40% of the total GABAergic population in the mouse S1
cortex. SST-expressing and SHT3aR-expressing neurons
account for ~30% each. The distribution of interneuron
groups varies among different cortical layers. SHT3aR neu-
rons are concentrated in supragranular layers. Layer I, which
has a much lower cell density, expresses mainly SHT3aR
neurons. In layer I and in layers II/III, the proportion of
SHT3aR neurons exceeds the proportion of PV cells. The
proportion of PV cells is particularly large in layer IV. There
are no PV neurons in layer I. SST interneurons are found in
all layers, but are particularly abundant in infragranular
layers.

SHT3aR interneurons primarily populate superfi-
cial neocortical layers I-IIT (Fig. 1). In fact, these
cells are the predominant population of interneurons
(~60% of all interneurons) in these layers. Within
layers I-III, the number of S5HT3aR-expressing
neurons actually exceeds by two fold the number of
PV-positive neurons, traditionally believed to repre-
sent the largest interneuron class. Almost all neurons
in layer I, a layer that only contains GAB Aergic inter-
neurons, are SHT3aR-expressing.

The conclusion that PV-, SST-, and 5HT3aR-
expressing neurons account for nearly if not all
GABAergic interneurons in mouse somatosensory
cortex implies that other interneuron markers such as
the neuropeptides VIP, NPY, and cholecystokinin

Developmental Neurobiology
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Figure 2 A classification of neocortical GABAergic interneurons. Nearly 100% of all neocortical
GABAergic neurons belong to one of three groups defined by the expression of parvalbumin (PV),
somatostatin (SST), and the ionotropic serotonin receptor SHT3a (SHT3aR). Each group consists
of several subgroups. In turn, each subgroup consists of several functionally distinct types or
classes of interneurons, most of which are still poorly defined. PV expression has been associated
with the fast-spiking (FS) firing pattern. There are two anatomically distinct subgroups of FS
neurons, basket cells, and chandelier cells. MB (multipolar bursting) neurons define a possible sub-
group of non-FS, PV-expressing neurons. FS basket cells have been observed to vary in a number
of properties, but it is not clear which or how many classes of FS basket cells are there in neocor-
tex. Two subgroups of SST neurons are well characterized, Martinotti cells, which account for the
majority of SST neurons, and a subgroup of neurons described in the X94 mouse line characterized
by a profuse axonal projection to layer IV. Shown as “other” are SST neurons that do not seem to
belong to any of these two categories (McGarry et al., 2010). Martinotti cells have been shown to
vary in a number of morphological, electrophysiological, and molecular properties, but it is not
possible yet to clearly define classes of Martinotti cells. For example, Martinotti cells can be subdi-
vided into those that express calretinin (CR+) and those that do not (CR—), which vary in a number
of properties (see text). X94 cells are present in layer IV and V, both of which project to layer IV.
The subdivisions of the SHT3aR group are still poorly defined. SHT3aR neurons can be classified
into two subgroups based on the expression of the neuropeptide VIP. Each of these subgroups of
SHT3aR neurons consists of several, still mostly undefined, types of interneurons. The most
frequently observed types include, among the VIP neurons, the bipolar or bitufted neurons with an
irregular spiking (IS) or a “fast adapting” (fAD) firing pattern, and among the non-VIP neurons,
the neurogliaform (NGF) cells with a late spiking firing pattern (LS1) and multipolar neurons with
an LS2 firing pattern. Note: (1) From Lee et al. (2010); (2) See Blatow et al. (2003); (3) See text
for SST neurons described by McGarry et al. (2010); (4) Estimates based on Miyoshi et al. (2010)
and Lee et al. (2010); (5) Neurons with a dFNS3, bNA2, dIB, and sIB firing patterns were more
rarely sampled than other CGE-derived neurons by Miyoshi et al. (2010); (6) Reelin, which is also
expressed by a fraction of SST neurons, was shown to be expressed in a major fraction of non-VIP
CGE-derived (Miyoshi et al., 2010) and SHT3aR (Lee et al., 2010) neurons; (7) A fraction of non-
VIP 5HT3aR neurons (mIS) had multipolar morphology and an IS firing pattern (Lee et al., 2010)
resembling neurons derived from the POA (see text).

(CCK) and the Ca**-binding proteins calretinin and
calbindin either label small interneuron populations
or are expressed in one or more of the three groups
defined above. Although further work is necessary
to characterize in detail the PV, SST, and SHT3aR
neuronal groups, it is already clear that they are heter-
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ogenous, each consisting of more than one inter-
neuron class. Of these, the SHT3aR group might be
particularly heterogenous. The challenge to under-
stand interneuron diversity in neocortex now is in
understanding the diversity within each of these three
groups (Fig. 2).



PV Interneuron Group

PV expression has been associated with the fast-
spiking firing pattern since the 1980s (Kawaguchi
et al., 1987). This correlation between fast spiking and
PV expression has been confirmed by many laborato-
ries (Cauli et al., 1997; Kawaguchi and Kubota, 1997;
Gibson et al., 1999; Ascoli et al., 2008; Xu and Call-
away, 2009), including our own. We have recorded
from several hundred PV-expressing neurons in
several mouse lines expressing GFP in PV neurons
and virtually all are fast-spiking. There are two types
of PV neurons: basket cells, neurons that make synap-
ses at the soma and proximal dendrite of target neurons
and typically have multipolar morphology, and chan-
delier cells, which target the axon initial segment
(AIS) of pyramidal cells (Kawaguchi and Kubota,
1997; Ascoli et al., 2008). FS cells fire sustained high-
frequency trains of brief APs with a large and fast
AHP and with little spike frequency adaptation. Near
threshold, they fire abrupt episodes of nonadapting re-
petitive discharges. They have the lowest input resist-
ance and the fastest membrane time constant of all
interneurons, a feature that contributes to ensure fast
synaptic responses (Connors and Gutnick, 1990; Cauli
et al., 1997; Gibson et al., 1999; Kawaguchi and
Kubota, 1997; Markram et al., 2004; Ascoli et al.,
2008; Goldberg et al.,, 2008). Although both PV-
expressing basket cells and chandelier cells are fast-
spiking, their electrophysiological properties are not
identical (Woodruff et al., 2009).

There might be additional diversification among
these two types of FS cells, particularly among the
basket cells. PV-expressing basket neurons have been
shown to vary in size (“large and nest basket cells”),
extent of dendritic and axonal projection (local, trans-
columnar, or translaminar) (Markram et al., 2004;
Uematsu et al., 2008; Helmstaedter et al., 2009;
Tremblay et al., 2010), the expression of molecular
markers such as substance P and its receptor NK1
(Vruwink et al., 2001; Jeong and Rudy, unpublished
observations), the Ca®*-binding protein calbindin
(Kawaguchi and Kubota, 1997), Kv3.2, and ergl K*
channels (Chow et al., 1999; Saganich et al., 2001;
Goldberg and Rudy, 2005), and firing properties
(Clark et al., 2007; Goldberg et al., 2008; Puig et al.,
2008; Tremblay et al., 2010). Some of these differen-
ces may represent specializations of FS cells associ-
ated with the layer or cortical area where they are
located.

Excitatory synapses onto FS cells are typically
strongly depressing. This includes thalamocortical
inputs onto FS cells in layer IV and intracortical
inputs onto FS cells in all layers. An exception to this
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is a population of FS neurons in layer VI that receives
facilitating inputs, perhaps from corticothalamic neu-
rons (Gil et al., 1999; Beierlein and Connors, 2002;
Thomson and Lamy, 2007).

Fast spiking basket cells are likely the dominant
inhibitory system in neocortex, and in layer IV, they
are the main interneuron target of thalamocortical
axons. They mediate fast, precise, and powerful inhi-
bition of target neurons and have been shown to be
involved in a number of functions, including media-
ting feedforward inhibition of several cortical cir-
cuits, including the thalamocortical input of sensory
responses, which is important for creating a strict
window for temporal summation of excitatory inputs
and spike generation by principal cells (Pinto et al.,
2000; Miller et al., 2001; Pouille and Scanziani,
2001; Pinto et al., 2003; Lawrence and McBain,
2003; Gabernet et al., 2005; Cruikshank et al., 2007).
They have been implicated as well in the establish-
ment and maintenance of fast (gamma frequency)
cortical rhythms (Traub et al., 2004; Bartos et al.,
2007; Cardin et al., 2009) and regulation of critical-
period experience-dependent plasticity (Hensch,
2005). Given the preponderance and magnitude of FS
basket cell responses, they are likely key contributors
to the control of excitation/inhibition balance in the
cortex (Hasenstaub et al., 2005; Haider and McCor-
mick, 2009). The functions of chandelier cells are
much less understood and are in fact controversial. It
was recently shown that postsynaptic responses to
GABA release from these neurons are depolarizing
because of changes in Cl~ concentration, and hence
the reversal potential of GABA, receptors, at the
pyramidal cell AIS, the target of chandelier cell axons,
and may in fact be excitatory (Szabadics et al., 20006;
Woodruff et al., 2009; but see Glickfeld et al., 2009).

In addition to basket cells and chandelier cells,
which are the main types of PV neurons, Blatow et
al. (2003) described a group of PV cells close to the
border between layers 1 and II of mouse neocortex
that differ from FS cells in their electrophysiological
properties and connectivity. These neurons, which
they called multipolar bursting (MB), had a firing
pattern in response to depolarizing steps that differed
significantly from that of FS cells and consisted of an
initial burst of two or three APs followed by a pro-
nounced afterhyperpolarizing gap and a subsequent
train of tonic spiking at low frequency. MB cells also
differ from FS cells in that their synapses with pyram-
idal cells or other MB cells showed paired-pulse
facilitation, whereas FS cell synapses are typically
strongly depressing. Moreover, MB neuron synaptic
contacts were mostly on dendritic shafts. The prepon-
derance of this class of PV neurons is not known and

Developmental Neurobiology
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has not been described by other investigators; perhaps
because Blatow et al. used 14-day-old mice, some-
what younger than what is typically used in the field
and carried their recordings at room temperature.

SST Interneuron Group

SST expression in neocortex has typically been asso-
ciated with Martinotti cells (MCs), GABAergic inter-
neurons with ascending axons that arborize in layer I
spreading horizontally to neighboring columns and
making synapses on the dendritic tufts of pyramidal
neurons. The ascending axon gives away collaterals
that innervate the apical and basal dendrites of
pyramidal cells. Synaptic contacts are found mainly
on dendritic shafts and on spines. Martinotti cells are
more abundant in layer V but are found throughout
layers II-VI (Kawaguchi and Kubota, 1997; Wang
et al., 2004; Uematsu et al., 2008). They display a
regular adapting firing pattern (RSNP), but often,
particularly in layer V, they initially fire bursts of two
or more spikes on slow depolarizing humps when
depolarized from hyperpolarized potentials (because
of this property, these cells have also been called
burst spiking nonpyramidal (BSNP), intrinsic burst-
ing (IB), or low-threshold spike (LTS) cells).
Excitatory inputs onto Martinotti cells are gener-
ally strongly facilitating, which is a key feature that
distinguishes these interneurons from FS neurons
(Reyes et al., 1998; Beierlein et al., 2003; Kapfer
et al., 2007; Silberberg and Markram, 2007; Fanselow
et al., 2008). This is likely of considerable physiolog-
ical interest. As a result of this feature, repetitive
activity in a single pyramidal cell can drive a Marti-
notti cell to fire and provide feedback inhibition to
pyramidal neurons across layers and columns (Kapfer
et al., 2007; Silberberg and Markram, 2007). Given
the facilitating dynamics of Martinotti cell excitatory
inputs, the feedback inhibition mediated by these
neurons will increase as a function of rate and dura-
tion of presynaptic discharge. These interneurons
might be activated preferentially during periods of
increased network activity in contrast to FS cells,
which might be transiently activated preferentially
when network activity is low. The differences in loca-
tion of the output synapses of FS and Martinotti cells
will also influence their effects on the cortical circuit.
By forming proximal, peri-somatic strong synapses
on target neurons, FS cells are ideally suited to
quickly suppress the output of target neurons, as
might be required during feedforward inhibition.
Martinotti cell-mediated inhibition might be more
graded and could be more selective by inhibiting
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more strongly excitatory inputs arriving at the
dendrite in close proximity to the location of the
interneuron inputs.

Diversity of SST Interneurons

Random insertion of a transgene encoding GFP under
control of the GAD67 promoter resulted in the gener-
ation of a mouse line (X94) exhibiting specific
expression of GFP in a population of SST-expressing
interneurons that differed from Martinotti cells in a
number of properties (Ma et al., 2006). X94 cells in
S1 cortex were located in layer IV and V and had
axonal projections that instead of reaching and target-
ing layer I, innervate profusely layer IV. The cells
also differed from Martinotti cells in a number of
electrophysiological properties. X94 cells had a much
lower input resistance, approaching that of FS cells.
They had spikes of shorter duration and often pro-
duced a stuttering firing pattern. They were capable
of firing at higher frequencies than Martinotti cells
but, in contrast to FS neurons, exhibited spike
frequency adaptation (Ma et al., 2006). SST cells
with similar intrinsic electrophysiological properties
and named NFS1 were described in a fate mapping
study of neurons derived from the medial ganglionic
eminence (Miyoshi et al., 2007). On the other hand,
as in the case of Martinotti cells, X94 cells receive
strongly facilitating excitatory synapses. Both types
of SST neuron also have in common powerful excita-
tion by cholinergic agonists via muscarinic receptors
(Fanselow et al., 2008; Xu and Rudy, unpublished
observations). As a result of their lower input resist-
ance, X94 cells are usually not driven to fire by repet-
itive activity in a single excitatory cell; however, the
cells can be excited if the excitatory input is delivered
in the presence of a muscarinic agonist (Xu and
Rudy, unpublished observations).

There might be additional subpopulations of SST
neurons in neocortex, given observed differences in
intrinsic firing properties, the expression of molecular
markers and connectivity (Xu et al., 2006; Gonchar
et al., 2007; Miyoshi et al., 2007; McGarry et al.,
2010). For example, about a third of SST interneurons
in frontal, somatosensory (S1), and visual cortex (V1)
contain calretinin (Xu et al., 2006). Some of this
diversity within the SST population might be function-
ally significant. Although both SST/CR+ cells and
SST/CR— cells exhibited similar Martinotti cell ana-
tomical features and had similar adapting spike-firing
patterns, they differed in the horizontal extension of
their dendritic fields and number of primary processes
(Xu et al., 2006). In addition, SST/CR— cells had
narrower spikes with faster AHPs. Moreover, in layers



II/III, where SST/CR+ cells were concentrated, the
two subtypes of SST interneurons had different con-
nectivity (Xu and Callaway, 2009). Although SOM+/
CR— MCs received strong excitatory input from both
layers II/III and IV, SOM+/CR+ MCs received excita-
tory input mainly from layers II/III and only weakly
from layer IV. Another feature arguing for a true
delineation between SOM+/CR— and SOM+/CR+
Martinotti cells is evidence suggesting that they are
derived from different areas during development, with
the SOM+/CR+ population mainly arising from the
dorsal Nkx6-2-positive region of the MGE (Fogarty
et al., 2007; Sousa et al., 2009).

Recently, McGarry et al. (2010) characterized the
electrophysiological and anatomical properties of
neocortical SST interneurons in GIN mice and used
principal component analysis and cluster analysis to
identify subtypes of SST neurons. The GIN mouse
line, like the X94 line described earlier, is a trans-
genic mouse line expressing GFP under control of the
GADG67 promoter that results in GFP expression in a
subset of SST interneurons. In contrast to the X94
line, most GFP+ cells in this line are in layers II/III
and have been characterized as Martinotti cells (Oliva
et al., 2000; Ma et al., 2006). McGarry et al. (2010)
detected, in addition to Martinotti cells, which were
the majority (2/3) of studied neurons, two other types
of SST neurons with a very sparse axonal arboriza-
tion (McGarry et al., 2010). These cells also differed
from those in the Martinotti cell group in a number of
electrophysiological properties. Several investigators
have used the GIN line to study Martinotti cells and
have not reported the two other groups of SST neu-
rons described by McGarry et al. (Ma et al., 2006; Xu
et al., 2006; Fanselow et al., 2008; Xu and Callaway,
2009). McGarry et al. (2010) used mice with an aver-
age age of P14 (range P10-18), which is younger
than what other investigators have used. FS cells
mature significantly during an equivalent develop-
mental period showing underdeveloped processes at
early ages (Okaty et al., 2009; Goldberg et al., 2010).
Some of the diversity observed in the study by
McGarry et al. (2010) may reflect the presence of
immature neurons.

5HT3aR Interneuron Group

As described earlier, Lee et al. (2010) found using
double ISH and IHC that most, if not all, GABAergic
neurons in S1 cortex that do not express PV or SST
express the SHT3a receptor; these SHT3aR-positive
interneurons compromise ~30% of GABAergic
neurons in somatosensory cortex (Fig. 1). The group of
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interneurons defined by expression of the SHT3a recep-
tor is heterogeneous, more than the PV and SST
groups, and remains to be fully characterized.

The neuropeptide VIP has been shown to be
expressed in a set of neocortical interneurons that
does not overlap with those that express PV or SST
(Kawaguchi and Kubota, 1997; Xu and Callaway,
2009; Xu et al., 2010). Lee et al. (2010) found that all
VIP-expressing neurons in somatosensory cortex
express SHT3a receptors. Based on coexpression of
VIP and EGFP in 5H#r3aR-BACECTT mice, it was esti-
mated that VIP-expressing neurons account for ~40%
of the SHT3aR population in S1 (Lee et al., 2010).
VIP cells are particularly enriched in layers II/III.

There seem to be several types of VIP interneur-
ons, including neurons with bipolar, bitufted, and
multipolar morphologies expressing different markers
and exhibiting different intrinsic electrophysiological
properties. In their characterization of the interneur-
ons that originate in the caudal ganglionic eminence
(CGE), where all VIP and at least 90% of SHT3aR
neurons originate (see below), Myoshi et al. (2010)
described nine electrophysiologically different sub-
types, of which six accounted for >93% of the CGE
population. Among those expressing VIP, they
described four types.

One type that has been described by several inves-
tigators has bitufted morphology with a vertically ori-
ented, usually descending axon often reaching deep
layers. These neurons have an irregular firing pattern
characterized by APs elicited at irregular times during
depolarizations near threshold, and a repetitive firing
pattern with spike frequency and monotonic ampli-
tude accommodation during larger depolarizations.
They are often referred to as irregular-spiking (IS)
cells (Cauli et al., 1997; Porter et al., 1998; Cauli et
al., 2000; Ferezou et al., 2002; Galarreta et al., 2004;
Lee et al., 2010; Miyoshi et al., 2010). A significant
fraction of VIP neurons (40%) express CR, which, as
described earlier, is also expressed in a fraction of
SST neurons, as well as in interneurons that do not
express VIP or SST (Cauli et al., 2000; Caputi et al.,
2008; Lee et al., 2010; Miyoshi et al., 2010). The IS
VIP cells have been reported to coexpress CR (Porter
et al., 1998; Miyoshi et al., 2010). Future studies are
needed to establish the proportion of the total VIP
population that can be accounted by these neurons. In
the study by Lee at al. (2010), IS bitufted cells
accounted for a significant fraction of VIP neurons
(>50%).

Another VIP-positive cell type described by vari-
ous authors fired an initial train (often burst-like) of
APs followed by spiking failure throughout the
remaining period of a 500-ms depolarization and had
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bipolar/tripolar morphologies with axons that
branched extensively locally as well as toward deeper
layers. These cells have been named rapid-adapting
(Butt et al., 2005), fast-adapting (Lee et al., 2010;
Miyoshi et al., 2010), and 1S2 (Porter et al., 1998)
and seem to be the major VIP subtype that does not
coexpress CR. It was the second most frequent VIP
subtype observed by Lee et al. (2010). Two additional
VIP+ cell types have been described, including a cell
type identified as bursting nonadapting (bNA2) that
exhibited bursts of two or three spikes followed after
a delay by regular spiking and showed bipolar mor-
phology (Lee et al., 2010; Miyoshi et al., 2010), and a
more infrequent type with an “arcade” cell morphol-
ogy called dNFS3 (for delayed non—fast-spiking 3),
characterized by a delay to first spike at threshold and
spikes with a sharp AHP and a regular firing pattern
with monotonic fire frequency adaptation during
larger depolarizations (Kawaguchi and Kubota, 1996;
Butt et al., 2005; Miyoshi et al., 2010).

VIP-expressing basket cells with putative synaptic
terminals surrounding the somata of other cells
have been described but seem not to be abundant.
Electrophysiologically these cells have been described
as having regular (RSNP), bursting (BSNP), or IS
firing patterns (Kawaguchi and Kubota, 1996, 1997,
Xu and Callaway, 2009). Some of these neurons
coexpress CCK and type 1 cannabinoid receptors
(Galarreta et al., 2004; Sugino et al., 2006).

VIP neurons are among the interneurons with the
highest input resistance and are therefore among the
most excitable (Cauli et al., 2000; Lee et al., 2010;
Miyoshi et al., 2010). Most VIP interneurons form
synapses with dendrites. VIP-containing terminals
have been observed on dendritic shafts and spines
(Kawaguchi and Kubota, 1996; Kawaguchi and
Kubota, 1997). In addition, VIP terminals have been
observed around the somata of pyramidal cells, con-
sistent with the observation that some VIP neurons
are basket cells (Kawaguchi and Kubota, 1996). In
addition, some VIP interneurons with bipolar/bitufted
morphology have been shown to target mainly other
interneurons (Acsady et al., 1996; David et al., 2007).
The relationship between these patterns of connectiv-
ity and functional subtypes of VIP neurons remains to
be established.

Non-VIP cells account for 60% of SHT3aR neu-
rons (Lee et al., 2010). More than 80% of these inter-
neurons expressed reelin, which is also expressed by
a fraction of SST neurons but not by VIP SHT3aR
neurons (Miyoshi et al., 2010). More than 90% of
neurons in layer I belong to this group because only a
small percentage of neurons in this layer expressed
VIP. This reelin-positive, VIP-negative/SST-negative
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SHT3aR group includes the neurogliaform cells.
These cells, also called spiderweb cells, originally
described by Ramon y Cajal, have a characteristic
morphology consisting of a small, round soma from
which multiple dendrites spread radially in all direc-
tions and have a wider round axonal plexus composed
of fine branches (Kawaguchi and Kubota, 1997; Olah
et al., 2007). Neurogliaform cells have a unique
position among cortical interneurons because they
establish electrical synapses not only with each other
but also with other interneuron types, in contrast to
all other tested interneuron types, which only make
electrical contacts with homologous neurons. Thus,
neurogliaform cells can link multiple networks of
interneurons and were suggested to play a central role
in generating and shaping synchronized activity of
neuronal circuits (Price et al., 2005; Simon et al.,
2005; Zsiros and Maccaferri, 2005). Neurogliaform
cells are also unique in that they elicit slow, long-last-
ing IPSPs on pyramidal cells and other interneurons,
through a combined activation of slow GABA, and
GABAg receptors (Tamas et al., 2003; Olah et al.,
2007). It was recently observed that neurogliaform
axonal varicosities containing synaptic vesicles were
often not associated with classical synaptic contacts,
although neurogliaform cells produced hyperpolariz-
ing responses in a large fraction of neighboring
neurons. These results led to the suggestion that neu-
rogliaform cells influence target neurons by volume
release of GABA (Olah et al., 2009).

Neurogliaform cells typically have a late spiking
(LS) firing pattern characterized by a slow ramp
depolarization preceding firing at threshold. During
suprathreshold depolarizations, the cells fire accom-
modating firing trains (Kawaguchi and Kubota,
1997; Tamas et al., 2003). Studies of CGE-derived
and SHT3aR interneurons have described two types
of “late-spiking” cells, both of which are multipolar,
express reelin but not VIP, and have been termed
LS1 and LS2 (also described as “dense plexus cells”
and initial adapting) (Butt et al., 2005; Miyoshi
et al., 2007; Lee et al., 2010; Miyoshi et al., 2010).
Electrophysiologically, LS1 and LS2 are distin-
guished by fact that the delay to first spike is more
robust in LS1 neurons and can still be observed
during depolarizations eliciting up to three to five
spikes, whereas in LS2, the delay is only observed
close to threshold when the cell responds with a
single spike. Furthermore, LS2 neurons have signifi-
cantly lower input resistance and maximum firing
rate compared with LS1 cells. LS1 cells correspond
to neurogliaform cells, whereas LS2 cells exhibit
larger soma size and longer but less branching
dendrites (Miyoshi et al., 2010).



In addition to LS1 and LS2, which were the most
frequently encountered non-VIP 5HT3aR neurons,
another population of non-VIP bursting nonadapting
neurons (bNA) and a population of multipolar IS
neurons have been observed (Gelman et al., 2009;
Lee et al., 2010; Miyoshi et al., 2010). The bNA neu-
rons electrophysiologically resemble the VIP-positive
bNA2 neurons described earlier but have multipolar
morphology and are found mainly in superficial
layers I or I/Il boundary. IS non-VIP multipolar cells
resembled cells derived from an Nkx5-1-expressing
progenitor population within the pre-optic area
(POA) (Gelman et al., 2009).

Two rare populations, dIB (delayed intrinsic-
bursting) and sIB (sigmoid intrisic-bursting), were
detected in the analysis of CGE-derived interneurons
(Miyoshi et al., 2010) but were not observed among
SHT3aR neurons (Lee et al., 2010). The dIB sub-
type shows intrinsic electrophysiological properties
similar to the PV-expressing MB neurons described
earlier (Blatow et al., 2003). Like these neurons, they
have multipolar morphology and are observed mainly
in superficial layers.

The lack of specific markers makes it difficult to
estimate the frequencies of each of the subtypes
described above. Although these studies have been
performed by sampling randomly in the SHT3aR
mouse, the sample is not yet sufficiently large to
definitely establish subtype proportions from the
frequency of observing particular firing patterns.

Modulation of 5HT3aR Interneurons by
lonotropic Serotonin and ACh Receptors

Although 5HT3aR interneurons are heterogeneous,
they are all potently modulated by ionotropic sero-
tonin receptors (Lee et al., 2010). Local somatic
application of mCPBG, a 5HT3aR-selective agonist,
to EGFP-positive neurons evoked fast and robust
depolarization in more than 40 cells tested throughout
all layers and including all the subtypes identified
electrophysiologically. In contrast, no response was
observed after application of mCPBG to PV and
SST-expressing neurons.

In addition to serotonin and glutamate, which
mediate most local and long range excitation of inter-
neurons, the other major neurotransmitter for which
there are ionotropic receptors is acetylcholine (ACh).
Interestingly, SHT3aR are also excited by cholinergic
agonists acting on nicotinic receptors. This also seems
to be a common property of all SHT3aR neurons
independently of layer location or electrophysiological
or morphological subtype (Ferezou et al., 2002;
Lee et al., 2010).
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Functional Significance of 5HT3aR
Interneurons

Knowledge of the connectivity of SHT3aR neurons is
crucial to develop hypotheses about their functional
roles. Some information on the source of inputs to
VIP interneurons and neurogliaform cells in layers I/
IIT was obtained by Xu and Callaway (2009) using
glutamate uncaging to drive presynaptic sources (Xu
and Callaway, 2009). All cells were found to receive
strong excitatory and inhibitory input from layers II/
IIT; however, inputs from other layers, mainly layer
IV and Va, depended on the subtype of interneuron.
Electrophysiological characterization of these inputs
is still lacking. Furthermore, the correspondence
between the subtypes of neurons studied by Xu and
Callaway and the subtypes of 5HT3aR neurons
described by other investigators is not easy to estab-
lish, emphasizing the need to develop better tools to
classify SHT3aR neurons. Furthermore, other than
neurogliaform cells, little is known about the output
connections and function of SHT3aR interneurons.
Overall, these cells are more poorly understood than
PV and SST interneurons.

One important consideration is the physiological
significance of the fact that all SHT3aR neurons
undergo fast modulation by ionotropic neuromodula-
tory receptors for ACh and serotonin. This provides
insights into the possible functions of these neurons
in cortical circuits. Perhaps, neuromodulatory sys-
tems rapidly engage these INs during specific brain
states and behavioral contexts that are linked to these
neuromodulators. Supporting this idea, a recent study
by Gentet et al. (2010) demonstrate that FS versus
non-FS GABAergic interneurons in superficial layers
are differentially modulated depending on the brain
state and behavioral context of the animal (Gentet et
al., 2010). By recording intracellularly using GAD67-
GFP mice, Gentet et al. showed that non-FS INs
become more depolarized and exhibit enhanced firing
rates during whisking periods, which presumably cor-
responds to an alert state. To our knowledge, this
study provides the first direct evidence that different
types of interneurons might be recruited differentially
depending on a brain state and behavioral context of
awake animals. Gentet et al. did not determine which
types of non-FS interneurons were engaged during
whisking; however, given their abundance relative to
SST interneurons in superficial layers, it is likely that
these were SHT3aR neurons.

A critical issue that still needs to be studied is
whether neuromodulators affect SHT3aR interneur-
ons differentially depending on their subtypes. Lee et
al. (2010) showed that SHT3aR neurons in deep layer
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IIT and in layer IV receive weak, but potentially
significant, thalamocortical input. An intriguing pos-
sibility is that excitation by cholinergic or serotoner-
gic inputs may act in synchrony with TC inputs to
enhance activation of these interneurons.

More than two thirds of SHT3aR interneurons re-
side in superficial layers, where they constitute the
majority of GABAergic interneurons. Each cortical
layer has a distinct input and output system, in addi-
tion to its own local circuit. Layers II/IIl in sensory
cortex is central to the processing of sensory informa-
tion. On arrival to thalamo-recipient layer IV, sensory
information is transferred to layers II/IlI, where it is
integrated with information from other columns and
other cortical areas. Neurons in superficial layers are
highly interconnected with other relevant cortical
areas, thus mediating corticocortical communication.
In primary somatosensory cortex, for example, long-
range inputs to superficial layers originate predomi-
nantly from primary motor cortex and from second-
ary somatosensory cortex (Cauller et al., 1998; Zhang
and Deschenes, 1998). One possible functional role
of SHT3aR neurons might be to provide feedforward
or feedback inhibition in response to long-range corti-
cocortical inputs. Although the functional connectiv-
ity of long-range cortical inputs to pyramidal neurons
in superficial layers in primary S1 has been mapped
(Petreanu et al., 2009), the long-range cortical projec-
tion to interneurons has not been studied. Future stud-
ies need to address the synaptic connectivity and
dynamics of long-range intracortical inputs to differ-
ent subtypes of SHT3aR neurons. These neurons are
ideally positioned to mediate rapid control of con-
verging cortical activity depending on the brain state
and behavioral context of animals. Furthermore,
acetylcholine and serotonin are likely to be essential
regulators of these neurons in information processing
by modulating gain in the cortical network during
task discrimination, plasticity, and learning.

In addition to releasing GABA, SHT3aR neurons
release vasoactive substances such as VIP. Moreover,
neurogliaform cells have been shown to express
NOS. These neurons have been shown to contact
local microvessels. Evoked firing of single VIP- or
NOS-expressing interneurons was sufficient to dilate
neighboring microvessels (Cauli et al., 2004; Cauli
and Hamel, 2010).

Embryological Origins of the Three
Groups of Neocortical GABAergic
Interneurons

Several studies have shown that the subtype identity
of cortical interneurons can be predicted by its place
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and time of origin during development (Xu et al.,
2004; Butt et al., 2005; Wonders and Anderson,
2006; Flames et al., 2007; Fogarty et al., 2007;
Ghanem et al., 2007; Miyoshi et al., 2007; Gelman
et al., 2009; Miyoshi et al., 2010). The majority of
murine cortical interneurons are derived from progen-
itor zones of the ganglionic eminences in the ventral
telencephalon. These zones can be divided into lat-
eral, medial, and caudal (LGE, MGE, and CGE,
respectively) based on morphological features as well
as the expression of transcription factors. The ventral
origin of cortical interneurons has been demonstrated
using several techniques, such as dye labeling in cort-
ical slices (Anderson et al., 1997), transplantation
experiments (Wichterle et al., 2001; Nery et al.,
2002; Xu et al., 2004; Butt et al., 2005; Flames et al.,
2007), and most recently with a technique called
genetic inducible fate mapping (GIFM) (Fogarty et
al., 2007; Miyoshi et al., 2007; Gelman et al., 2009;
Miyoshi et al., 2010). The latter technique uses the
specific expression patterns of genes or transgenic
elements in the different regions during development.
By linking this expression to the expression of
the enzyme cre-recombinase and a cre-dependent
reporter, cells can be permanently labeled during
development and then followed during their entire
lifespan (Zinyk et al., 1998). This permanent labeling
overcomes the problem associated with dynamic
gene expression, which limits the use of direct EGFP-
expressing alleles, such as the SHT3aR-BACF“™ in
establishing the origin of the cells.

The two most studied groups of interneurons (PV
and SST expressing) are derived exclusively from the
MGE (Xu et al., 2004; Fogarty et al., 2007; Miyoshi
et al., 2007). It has also been reported that different
regions of the MGE give rise to different subtypes,
with progenitors giving rise to SST and PV being
biased to dorsal versus ventral MGE, respectively
(Flames et al., 2007; Fogarty et al., 2007; Wonders et
al., 2008). Until recently, less was known about the
origin of the other interneurons, such the VIP- and/or
the non-SST calretinin-expressing cells. In vitro and
transplantation studies had suggested that among
others, bipolar calretinin and neurogliaform cells are
derived from the CGE (Xu et al., 2004; Butt et al.,
2005; Wonders et al., 2008), and this was confirmed
in a GIFM study using a Mash1-BAC ™R mouse
(whose expression is fortuitously restricted to the L/
CGE-derived populations) crossed with an RCE
(Rosa26-CAG-EGFP) reporter (Sousa et al. 2009;
Miyoshi et al., 2010). We now know that the CGE
gives rise to ~30% of all cortical interneurons
and that this group not only contains the bipolar
calretinin cells but also the entire VIP as well as the



reelin-positive/SST-negative population that includes
neurogliaform cells. Another marker often used in the
field is neuropeptide-Y (NPY), which seems to label
a variety of subtypes originating from both the MGE
and the CGE. Furthermore, NPY expression is activ-
ity dependent and has been shown to be quickly
upregulated in response to increased activity, which
perhaps limits its use as a marker for specific inter-
neuron populations.

Several studies have shown that EGFP-expression
in the SHT3aR-BAC*“"" mouse can be detected early
during embryogenesis (Inta et al., 2008; Chameau
et al., 2009; Lee et al., 2010; Vucurovic et al., 2010).
This expression is mainly confined to the CGE but
also extends rostrally to parts of the LGE and ven-
trally to the POA and nearby areas. The EGFP
expression excludes the VZ, suggesting that the
expression is initiated after cells have excited the cell
cycle at the point, when they have started their migra-
tion. Their active tangential migration into the cortex,
coupled with the possibility that SHT3aR-expression
is actively up- or down-regulated, makes it difficult to
know with certainty the origin of this population.
This has been addressed partly by using two different
GIFM strategies (Lee et al., 2010). One was by com-
bining the Nkx2-1-BAC™ and the cre-dependent red
R26R"“®FP reporter with SHT3aR-BACE"" showing
that there is no overlap between red and green cells.
The Nkx2-1-BAC™ line labels a majority of MGE-
derived interneurons, which confirms the immunohis-
tochemical findings of no or minimal overlap of
SHT3aR with PV or SST and excludes the MGE as a
source. The second strategy used the L/CGE-specific
Mash1-BAC™*R; R26R"“®R*F mouse line showing a
nearly complete overlap with SHT3aR cells confirm-
ing the CGE as the major source of this population.
However, the finding that SHT3aR is expressed in
more than the populations reported to come from the
CGE opens up for the possible contribution from
other progenitor zones (Lee et al., 2010).

Several different sets of findings suggest that in
addition to the ganglionic eminences, cortical inter-
neurons might be derived from more ventral structures
such as the septum and the POA. Recently, it was
confirmed, using GIFM with an Nkx5-1° line, that
the POA also gives rise to a small and seemingly
homogenous group of multipolar IS cortical interneur-
ons mostly populating superficial layers (including
layer 1) that express NPY but not any of the inter-
neuron markers PV, SST, CR, or VIP. The embryonic
expression of SHT3aR in the POA along with the fact
that a proportion of the cells recorded in the SHT3aR-
BACFY™” animal exhibit electrophysiological and
morphological characteristics of these POA-derived
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neurons argues for a contribution of POA-derived
neurons to the SHT3aR population. In the study by
Gelman et al. (2009), however, they used the Nkx2-
1" together with electroporation of a cre-dependent
reporter construct to label POA-derived cells. The
fact that Nkx5-1 and Nkx2-1 are confined to subre-
gions of the POA could help explain the seeming
contradictive finding of no overlap between the
Nkx2-1-BAC®*;R26R"®™, and SHT3aR-BAC"“"".
It remains to be shown directly whether the Nkx5-
1°"® labeled neurons express SHT3aR and to deter-
mine the size of the POA contribution to the
5SHT3aR population.

Although neocortical neurogliaform cells seem to
originate exclusively from progenitors in the CGE;
in the hippocampus, both inducible fate-mapping
and Nkx2.1 conditional loss of function experiments
suggest that these interneurons can originate in both
the MGE and the CGE (Tricoire et al., 2010).
According to this study, neurogliaform cells express-
ing the neuronal isoform of nitric-oxidase synthetase
(nNOS) and a related nNOS-expressing population
known as Ivy cells (Fuentealba et al., 2008) are
derived from the MGE, whereas nNOS-negative
neurogliaform cells are CGE derived. These findings
suggest the possibility that most neocortical neuro-
gliaform cells lack nNOS and are equivalent to the
nNOS-negative neurogliaform hippocampal popula-
tion, and that the nNOS™ neurogliaform population
in the neocortex is either small and has not been
detected or does not exist. We are currently investi-
gating these possibilities.

It is generally believed that the LGE does not
give rise to a major cortical interneuron population
(Wichterle et al., 2001; Wonders and Anderson, 2006;
Miyoshi et al., 2010). There are reports contradicting
this, but the issue is complicated by the fact that a
proportion of MGE-derived cells, as well as CGE-
derived cells, have been shown to migrate through the
LGE on their way to the cortex (Wichterle et al.,
2001). To definitely solve this issue, we would need
a CGE or LGE-specific cre-driver line; until then,
however, we hypothesize that the SHT3aR-positive
LGE-population does not significantly contribute to
the populations of cortical interneurons.

SUMMARY AND PERSPECTIVES

The availability of a mouse line expressing EGFP in
all neocortical SHT3aR-expressing neurons and with-
out ectopic expression allowed Lee et al. (2010) to
conclude that these neurons account for virtually all
the interneurons that do not express PV or SST, at
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least within S1 cortex, where the majority of the anal-
ysis has been done so far. Together these three groups
of neurons account for nearly 100% of GADG67-
expressing neurons.

A classification of neocortical interneurons that
is useful to understand neocortical function must
include, for all subtypes that serve different func-
tional roles in the cortical circuit, good knowledge of
their dendritic and axonal morphology, the sources,
location and properties of their input synapses, the
cell and cell domain distribution and properties of
their output synapses, and their intrinsic electrophysi-
ological properties.

Although it is likely that the major groups and sub-
groups of interneurons in the neocortex have been
identified, most of the interneuron classes within each
subgroup still need to be better defined (Fig. 2). As
we discussed, PV basket cells have been shown to
vary in a number of properties such as somatic shape,
size and extent of dendritic field and axonal projec-
tions, expression of certain molecular markers,
including functionally important molecules such as
K* channels and metabotropic receptors, the efficacy
and dynamics of excitatory synaptic inputs, and firing
properties. Similarly, Martinotti SST interneurons
have been shown to vary in the expression of certain
markers such as the Ca®*-binding protein calretinin
and in their firing properties. However, although the
potential significance of these differences is some-
times clear, in most cases, it is difficult to predict.
Furthermore, often the anatomical, electrophysiologi-
cal, and molecular data have been gathered independ-
ently. All these factors make it difficult to define
interneuron subtypes.

The classes of interneurons in the VIP and non-
VIP subgroups of SHT3aR neurons also need to be
much better defined. Further advance along these
lines might be possible by increasing the sample of
SHT3aR neurons for which there is both anatomical
and electrophysiological data.

Characterization of the input and output connec-
tions of interneurons is not only necessary to under-
stand their roles, but is likely to be important in
revealing which are important anatomical and elec-
trophysiological differences that should be used for
the purpose of defining functional interneuron
classes. However, given that obtaining these data is
time consuming, the sample of neocortical interneur-
ons for which electrophysiological characterization is
available is much larger than that for which informa-
tion on connectivity is available. Somogyi and Klaus-
berger (2005) classified the GABAergic interneurons
in the CA1 area of the hippocampus into >16 classes,
believed to reflect groups with distinct roles in the
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hippocampal circuit. Differences in the distribution
of input and output synapses were key criteria for
their classification. The assessment of differences in
input and output connectivity is much easier in the
CALl area of the hippocampus, given the laminated
pattern of the inputs and outputs in this structure.

One critical challenge, which applies to all the
interneuron groups, is the need to distinguish inciden-
tal differences (even if useful as markers) from those
that are important for the function of a given type of
interneuron within neocortical circuits. For example,
although it is clear that it will be important for a
given interneuron whether its axon only makes local
connections, or whether the axon extends to other
layers or to other columns, it is more difficult to
assess which differences in the firing properties
observed in response to step depolarizations reflect
significant differences in how the interneuron will
respond to synaptic excitation. Does the degree of
firing frequency adaptation during 500 ms depolariza-
tions, or whether the neuron fires with a regular firing
pattern or initially with closely spaced interspike
intervals (“a burst”) represent important variables?
One sure source of excessive variability is differences
introduced by the use of different experimental condi-
tions between laboratories.

One should also consider the possibility that cells
with otherwise similar properties may, as an adapta-
tion to the microcircuit in which they function, differ
in the domain they innervate, their response to spe-
cific neuromodulators, or other specific properties. A
recent study in olfactory cortex nicely illustrates the
idea that although the intrinsic electrophysiological
properties of a specific interneuron subtype must be
important for its function, its role in a given brain
structure will also depend on its connectivity, that is,
the circuit in which it is incorporated. In both the
hippocampus and neocortex, somatic targeting fast
spiking basket cells mediate powerful feedforward
inhibition of principal cells (Pouille and Scanziani,
2001; Gabernet et al., 2005; Cruikshank et al., 2007).
In the neocortex, thalamocortical (TC) axons synapse
on both FS cells and excitatory principal neurons in
thalamo-recipient layers (mainly layer 4). Activation
of both excitatory and inhibitory cells establishes a
simple disynaptic circuit that provides powerful, local
feedforward inhibition. The latency between the onset
of the TC excitation of excitatory cells and the onset
of feedforward inhibition from FS cells results in a
brief time window during which the excitatory neu-
rons can integrate TC inputs. This window is critical
for the processing of sensory information in the
neocortex (Miller et al.,, 2001; Swadlow, 2003;
Wilent and Contreras, 2004, 2005; Gabernet et al.,



2005; Cruikshank et al., 2007). A similar circuit
exists in the CAl area of the hippocampus, where
basket cells mediate feedforward inhibition of CAl
pyramidal cells. As in the neocortex, the duration of
the time window within which Schaffer collateral
excitatory inputs on CAl pyramidal cells can sum-
mate to reach spike threshold is determined by the
basket cell-mediated feedforward inhibition (Pouille
and Scanziani, 2001). FS cells in layers II/III in soma-
tosensory cortex likely mediate feedforward inhibi-
tion of layer IV inputs unto layer II/IIl pyramidal
cells (Helmstaedter et al., 2008). Moreover, FS cells
have been shown to mediate powerful feedforward
inhibition in many other structures, such as the
neostriatum (Tepper and Bolam, 2004). Excitatory
synapses on FS cells are usually strongly depressing
and so are typically the output synapses of FS
cells. This has led to the view of FS cells as med-
iators of fast and powerful, but transient feedforward
inhibition in the brain, and to the idea that this
early inhibition shifts to a late but more sustained
inhibition of principal cells mediated by dendritic tar-
geting interneurons that receive strongly facilitating
excitatory inputs (Pouille and Scanziani, 2004;
Silberberg and Markram, 2007; Kapfer et al., 2007,
Tan et al., 2008).

However, in olfactory cortex, lateral olfactory
tract afferents containing the axons of projecting
mitral and tufted cells in the olfactory bulb target
exclusively layer Ia. From the point of view of being
the input layer, layer Ia in olfactory cortex is equiva-
lent to layer IV in other sensory cortices; however, it
lacks FS cells. Instead, mitral and tufted cell axons
synapse on layer Ia interneurons, which target the
layer Ia apical dendrites of pyramidal cells with cell
bodies in deeper layers (Stokes and Isaacson, 2010).
The same axons target the dendrites of the excitatory
cells. As a result, in an homologous fashion to what is
observed in neocortex and hippocampus, bursts of
mitral and tufted cell activity mediate a short-latency
feedforward disynaptic inhibition of the pyramidal
cells, except that this inhibition occurs on the distal
apical dendrite, instead of the soma, of the pyramidal
cells. Fast-spiking cells in piriform cortex are local-
ized mainly in layer III where they are recruited by
recurrent excitation from the pyramidal cells. As in
other structures, the FS cells in piriform cortex target
the somatic domain of the pyramidal cells and their
inputs are depressing. However, excitatory inputs on
the pyramidal cells are facilitating. Hence, during
bursts of inputs to the piriform cortex perisomatic
targeting FS cells are recruited late and provide
“feedback” somatic inhibition of the pyramidal
cells. Thus, in olfactory cortex, inhibition shifts from
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the dendrite to the soma, the opposite of what is
observed in neocortex and hippocampus, although the
properties of the interneurons seem similar in the
three structures.

Given the advances in mouse genetics, it is likely
that an understanding of interneuron diversity will be
obtained first in this species. A challenge will then be
to determine how this applies to other species, partic-
ularly humans. We recently had the opportunity to
record FS cells in human neocortex and found that
their properties are remarkably similar to those in
mice, but data exist to suggest that there might be
important differences in interneuron populations
between primates and rodents. For example, the total
proportion of GABAergic neurons in the cortex might
be much higher in primates (24-30%) compared with
rodents ((15%) (Hendry et al., 1987; Beaulieu, 1993;
Gabbott and Bacon, 1996; Gabbott et al., 1997).
Also, it has been reported that 74% of GABAergic
neurons in the primary visual cortex (V1) of maca-
ques express PV, much higher than the values
reported in rodents (Van Brederode et al., 1990).
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