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Abstract

The striatum constitutes the main input structure of the basal ganglia and receives two major excitatory glutamatergic inputs, from
the cortex and the thalamus. Excitatory cortico- and thalamostriatal connections innervate the principal neurons of the striatum,
the spiny projection neurons (SPNs), which constitute the main cellular input as well as the only output of the striatum. In addition,
corticostriatal and thalamostriatal inputs also innervate striatal interneurons. Some of these inputs have been very well studied,
for example the thalamic innervation of cholinergic interneurons and the cortical innervation of striatal fast-spiking interneurons,
but inputs to most other GABAergic interneurons remain largely unstudied, due in part to the relatively recent identification and
characterization of many of these interneurons. In this review, we will discuss and reconcile some older as well as more recent
data on the extrinsic excitatory inputs to striatal interneurons. We propose that the traditional feed-forward inhibitory model of the
cortical input to the fast-spiking interneuron then inhibiting the SPN, often assumed to be the prototype of the main functional
organization of striatal interneurons, is incomplete. We provide evidence that the extrinsic innervation of striatal interneurons is
not uniform but shows great cell-type specificity. In addition, we will review data showing that striatal interneurons are themselves
interconnected in a highly cell-type-specific manner. These data suggest that the impact of the extrinsic inputs on striatal activity
critically depends on synaptic interactions within interneuronal circuitry.

Introduction

The striatum constitutes the main input structure of the basal gan-
glia. It receives major excitatory projections from the cortex and the
thalamus (Kemp & Powell, 1971; Buchwald et al., 1973; Smith
et al., 2004). One of the main functions attributed to the striatum is
the integration of the massive excitatory corticostriatal and thalamos-
triatal projections. Essentially, all regions of the cortex project to the
striatum in a highly organized manner (Yeterian & Van Hoesen,
1978; Flaherty & Graybiel, 1993; Haber et al., 2006; Haber, 2016;
Hintiryan et al., 2016). The corticostriatal system has been the sub-
ject of intense investigation and is often considered as the principal
excitatory drive of the striatum providing motor and cognitive infor-
mation to the striatum. The thalamostriatal system is thought to be
critical in mediating BG responses to attention-related stimuli and
may be engaged in behavioral switching and reinforcement functions
(Kimura et al., 2004; Minamimoto et al., 2009; Bradfield et al.,
2013; Smith et al., 2014). Although this system originates from

several discrete thalamic nuclei, the principal source of thalamostri-
atal projections arises from the intralaminar nuclei and specifically
from the centromedian/parafascicular complex (CM/Pf; (Smith &
Parent, 1986b; Berendse & Groenewegen, 1990; Francois et al.,
1991; Sadikot et al., 1992; McFarland & Haber, 2000; Smith et al.,
2004, 2014).
The striatum is comprised mostly (~95% in rodents) of medium-

sized GABAergic spiny projection neurons (SPNs; (Kemp & Pow-
ell, 1971; Luk & Sadikot, 2001). They form the major inputs and
the only outputs of this structure. The remaining neurons consist of
several populations of interneurons that have been classified based
on their intrinsic electrophysiological properties, neurochemical and/
or molecular expression profiles, as well as their synaptic connectiv-
ity (Smith & Parent, 1986a; Kawaguchi, 1993; Kubota et al., 1993;
Kubota & Kawaguchi, 1994; Tepper & Bolam, 2004; Tepper et al.,
2010; Tepper & Ko�os, 2017). There is one population of cholinergic
interneurons but several diverse and heterogeneous groups of
GABAergic interneurons, that are constantly being updated, as new
ones are being discovered and characterized (e.g. Ibanez-Sandoval
et al., 2010, 2011; English et al., 2012; Faust et al., 2015; Munoz-
Manchado et al., 2016; Garas et al., 2016, 2018).
Thanks to the development of new transgenic mouse models and

optogenetic methods, the identification and characterization of stri-
atal GABAergic interneurons, their synaptic connectivity and their
differing roles in the function of striatal circuitry is undergoing a
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very rapid expansion. Until about 10 years ago, only four subtypes
of striatal interneurons were identified and well characterized, con-
sisting of one population of cholinergic interneurons (CIN; Kawagu-
chi, 1993; Kawaguchi et al., 1995), also referred to as TANS
because of their spontaneous activity in primates (Kimura et al.,
1984; Apicella, 2002) and three populations of GABAergic interneu-
rons comprising parvalbumin-expressing fast-spiking interneurons
(FSI), the calretinin-expressing interneurons (CR) and the neuropep-
tide Y/somatostatin/NOS-expressing low-threshold spike interneuron
(NPY-PLTS) (Kawaguchi, 1993; Kawaguchi et al., 1995; Tepper &
Bolam, 2004).
Since then, we and others have identified multiple subtypes of

non-dopaminergic tyrosine hydroxylase expressing GABAergic
interneurons (THINs; Ibanez-Sandoval et al., 2010; Xenias et al.,
2015), a second, morphologically, electrophysiologically and neuro-
chemically distinct population of NPY-expressing interneurons ter-
med striatal neurogliaform (NGF) interneurons; (Ibanez-Sandoval
et al., 2011; English et al., 2012) and at least one other subtype of
GABAergic interneuron targeted in the HT3Ra-Cre or 5HT3a-cre
mice called the fast adapting interneuron (FAI; Faust et al., 2015;
Munoz-Manchado et al., 2016; for recent review see (Tepper &
Ko�os, 2017)).
Understanding how extrinsic inputs are processed by the intrinsic

striatal circuitry is essential to understand how these inputs ulti-
mately affect the projection neurons and structures downstream of
the striatum. In this review, we will not describe in detail the
anatomical or electrophysiological properties of the different striatal
GABAergic interneurons subtypes, as these have been reviewed
recently elsewhere (Tepper & Ko�os, 2017). Here, we first review
the excitatory cortico- and thalamostriatal inputs to the striatal
interneurons. Next, we will describe recent findings on cholinergic
input to striatal interneurons. In the last part of the manuscript, we
will review new findings with respect to GABAergic interneuron–in-
terneuron interactions.

Glutamatergic input to striatal interneurons

Corticostriatal and thalamostriatal inputs to SPNs have been more
extensively studied that any other cell type in the striatum due of
course to their large number in comparison with striatal interneurons
and to the fact that they represent the only output neurons of the
striatum. Recently, the amount of data regarding excitatory input to
cholinergic and GABAergic interneurons has significantly increased.
Until recently, the classical view regarding GABAergic interneu-
rons’ function was that they were received excitatory input from
cortex and thalamus in a non-specific manner and provided feed-for-
ward inhibition to SPNs. Recent findings concerning the cortical
and thalamic innervation of the different classes of interneurons
listed above force a re-evaluation of this model.

CINs

Cholinergic interneurons receive glutamatergic innervation from
both thalamus and cortex. Stimulation of thalamus and cortex can
produce monosynaptic excitatory responses in the same CIN (Wil-
son et al., 1990; Doig et al., 2014). However, both anatomical and
physiological studies have shown that the innervation from the tha-
lamus and especially the intralaminar thalamic nuclei is stronger
than the relatively weaker cortical innervation of CINs (Meredith &
Wouterlood, 1990; Lapper & Bolam, 1992; Ding et al., 2010; Doig
et al., 2014; Assous et al., 2017). Electrical stimulation of the
parafascicular nucleus modulates acetylcholine release in vivo

measured by in vivo microdialysis (Consolo et al., 1996; Zackheim
& Abercrombie, 2005; Nanda et al., 2009). Interestingly, the
responses observed in those studies are heterogeneous. While Con-
solo et al. (1996) found an increase in acetylcholine release, for
others (Zackheim & Abercrombie, 2005; Nanda et al., 2009), PfN
activation (and/or inhibition) seems to induce the opposite effect. In
both studies though, thalamic-induced acetylcholine increase in the
striatum was observed after infusion of GABAA receptor antagonists
in the striatum. Those results, using different manipulations of the
PfN, implicate different excitatory and inhibitory components of the
CIN response to PfN activation which likely explain the discrepan-
cies. Together with recent data showing that different populations of
GABAergic interneurons innervate CINs (English et al., 2012) as
well as receive monosynaptic inputs from PfN (Assous et al., 2017),
it seems clear that intrastriatal circuitry plays an critical role in the
response of CIN to extrinsic glutamatergic inputs.
Recent retrograde rabies tracing has revealed strong monosynaptic

innervation of CINs from both cortex and thalamus although cortical
inputs tended to make fewer connections (Guo et al., 2015). Both
thalamic stimulation and cortical electrical stimulation are able to
evoke short-latency spiking that is followed by a pause in firing and
a subsequent rebound increase in firing rate in juxtacellular record-
ings (Doig et al., 2014). Interestingly, with repetitive cortical stimu-
lation, firing probability progressively decreased while it increases
after repetitive stimulation from the thalamus (Doig et al., 2014).
This is consistent with in vitro slice recording experiments where it
was shown that thalamostriatal synapses onto CINs exhibited short-
term facilitation which is a factor promoting summation and hence
could be responsible for the burst of activity observed in CINs after
burst activity of thalamic neurons (Ding et al., 2010). These authors
also showed that thalamostriatal stimulation evoked a burst-like
response in CINs that triggered a transient depression of corticostri-
atal EPSCs in SPNs.
This typical pause response, often flanked by periods of bursts in

CINs, is observed in vivo following the presentation of a salient
stimulus (Aosaki et al., 1994; Graybiel et al., 1994; Matsumoto
et al., 2001; Blazquez et al., 2002; Minamimoto & Kimura, 2002).
This multiphasic response of CINs depends on normal thalamic
innervation as pharmacological blockade of the thalamus abolished
the pause and rebound facilitatory responses of TANs in the stria-
tum (Matsumoto et al., 2001). Also, lesion of the parafascicular
nucleus has been shown to reduce the firing rate of CINs (Bradfield
et al., 2013). These authors also showed that the loss of this connec-
tion impairs goal-directed learning after changes in the action-out-
come contingencies. It is thus likely that the intralaminar thalamic
inputs to the CINs participate in the initial excitation as well as in
the pause phase of the response of CINs following the presentation
of a salient stimulus (for review, see Goldberg & Reynolds, 2011;
Schulz & Reynolds, 2013). Interestingly, we recently found that this
connection from the Pf to the CINs was responsible for evoking
mono and disynaptic nicotinic EPSPs in NPY-NGF interneurons
(Assous et al., 2017). Further, it has been shown that optogenetic
stimulation of CINs can trigger dopamine release via activation of
presynaptic nicotinic receptors on dopamine terminals (Threlfell
et al., 2012). In the same study, similar nicotinic-dependent dopa-
mine release could be elicited through optogenetic activation of tha-
lamostriatal inputs. Those results suggest that in addition to
acetylcholine, dopamine may also be important for conveying sal-
ience-related signals (Threlfell et al., 2012). The same laboratory
has also provided evidence that in addition to thalamic inputs, corti-
cal inputs to CINs can also induce dopamine release by a similar
nicotinic mechanism (Kosillo et al., 2016).
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In vivo juxtacellular recording and labeling studies show that
CINs do not change their firing significantly when cortex switches
from slow wave activity to desynchronization (Sharott et al., 2012).
However, this study along with others (Wilson et al., 1990; Doig
et al., 2014) did show short-latency responses of CINs to cortical
stimulation consistent with the connections between cortex and CINs
discussed above.
In vivo whole cell recording from a small number of CINs

showed that those neurons, similar to FSIs (see below) and SPNs,
displayed slow wave oscillations (Reig & Silberberg, 2014). This
study also demonstrated that CINs responded to bilateral whisker
stimulation, suggesting a role in sensory integration.
Orbitofrontal inputs to CIN are important for animals to track

their current state. Recording of CINs in rats performing a behav-
ioral task consisting of several trial blocks referred as ‘state’ which
requires the recall of the current state and the learning of changed
conditions have shown that dorsomedial but not dorsolateral striatal
CINs are essential for the animal to keep track of the current behav-
ioral trial or state. This state information is dependent on orbitofron-
tal cortex input to CINs (Stalnaker et al., 2016). Those results are
consistent with observations showing involvement of CINs in flexi-
ble behaviors and in integrating new learning (Ragozzino et al.,
2009; Bradfield et al., 2013; Aoki et al., 2015).
Further, it has been shown that CINs exhibit long-term corticostri-

atal plasticity following tetanic stimulation (Suzuki et al., 2001;
Reynolds et al., 2004) or spike timing-dependent plasticity (STDP)
protocols (Fino et al., 2008). Interestingly, high-frequency stimula-
tion of the substantia nigra induced persistent potentiation of cortical
evoked excitatory responses and also increased the after hyperpolar-
ization potential following the stimulus. Those data obtained in vivo
with intracellular recordings provide a possible mechanism that
could be involved in the acquisition of the pause response in CINs
during learning (Reynolds et al., 2004).

FSI

FSIs receive a substantial innervation from both cortex and thala-
mus. Anatomical evidence has shown that cortex provides direct and
dense innervation to striatal FSI (Lapper et al., 1992; Bennett &
Bolam, 1994). Interestingly, in contrast to SPNs, single cortical neu-
rons formed multiple synaptic contacts with individual FSIs (Rama-
nathan et al., 2002), which likely explains why FSIs seem more
sensitive to cortical inputs than SPNs (Parthasarathy & Graybiel,
1997; Mallet et al., 2005). Ramanathan et al. (2002) also demon-
strated the convergence of somatosensory and motor cortical areas
onto the same FSI, suggesting that sensorimotor integration in the
basal ganglia could be mediated at least in part by striatal FSIs.
Anatomical studies have also shown innervation of FSIs from Pf

(Rudkin & Sadikot, 1999; Sidibe & Smith, 1999). While those stud-
ies reveal a very dense innervation in monkeys, it seems less impor-
tant than cortical innervation in rats. A recent study compared the
modulation of striatal FSIs by thalamostriatal and corticostriatal
afferents (Sciamanna et al., 2015). The authors found that similar to
corticostriatal and thalamostriatal synapses onto SPNs, corticostriatal
synapses onto FSIs exhibit short-term facilitation while in contrast,
thalamostriatal synapses exhibit short-term depression. Furthermore,
thalamostriatal synapses exhibit more prominent AMPA receptor-
mediated currents than corticostriatal synapses (Sciamanna et al.,
2015). We and others have also shown that optogenetic stimulation
of terminals from the PfN as well as from cortex was able to induce
action potential firing of FSI in mouse striatal slices (Arias-Garcia
et al., 2017; Assous et al., 2017).

Mallet et al. (2005, 2006) showed with in vivo juxtacellular
recordings and labeling that striatal neurons that exhibit brief action
potential waveforms are parvalbumin-positive, consistent with previ-
ous in vitro data (Kawaguchi, 1993; Kawaguchi et al., 1995; Koos
& Tepper, 1999) and assumptions from in vivo recordings from
many others (Berke et al., 2004; Mallet et al., 2005, 2006; Schulz
et al., 2011; Lee et al., 2017; O’ Hare et al., 2017). Mallet et al.
(2005, 2006) also showed that FSIs respond to cortical stimulation
by firing bursts with very short interspike intervals (2–3 ms). Fur-
ther, cortical desynchronization enhanced FSI activity and facilitated
their spike responses to cortical stimulation (Mallet et al., 2005).
This was confirmed, using similar techniques in another study by
Sharott et al. (2012), where transitioning from slow wave activity to
cortical activation resulted in a robust increase in the firing rate of
FSIs. Also, these neurons can phase lock their firing to high-fre-
quency cortical oscillations (Berke et al., 2004; van der Meer &
Redish, 2009; Sharott et al., 2009, 2012).
Interestingly, spiking to cortical stimulation occurred earlier for

FSIs than for projection neurons (Mallet et al., 2005), consistent
with their apparent greater sensitivity discussed above. Also, local
application of picrotoxin increased spiking of SPNs after cortical
stimulation particularly under conditions favoring the activity of
FSIs. Those data, together with the powerful inhibition of SPNs by
FSIs, put them in a prime position to mediate feed-forward inhibi-
tion on SPNs (Koos & Tepper, 1999; Planert et al., 2010; Gittis
et al., 2011; Straub et al., 2016; Lee et al., 2017). This also narrows
the time window of the excitatory responses of SPNs to cortical
stimulation (Mallet et al., 2006). Interestingly, as for CINs, in vivo
whole cell recording from a small number of FSIs showed that those
neurons displayed slow wave oscillations and responded to bilateral
whisker stimulation as well as visual stimulation suggesting a role
in sensory integration of those interneurons (Reig & Silberberg,
2014).

THINs

Local striatal stimulation elicits a biphasic response consisting of
overlapping glutamatergic EPSPs and GABAA IPSPs in striatal
THINs (Ibanez-Sandoval et al., 2010). THINs receive monosynaptic
glutamatergic cortical inputs and respond to cortical electrical stimu-
lation with EPSPs that elicit spiking (Ibanez-Sandoval et al., 2010).
In a recent study, we also investigated the thalamic input from the
PfN to THINs (Assous et al., 2017 and unpublished data). We
found that optogenetic stimulation of the PfN evoked large excita-
tory responses in all THINs which almost always gave rise to an
action potential. Those responses were blocked by bath application
of AMPA/NMDA antagonists, although in some cases, a small frac-
tion of the excitatory response remained after blocking AMPA/
NMDA receptors. This could be due to the involvement of metabo-
tropic glutamate receptors as THINs have been shown to express
functional group I mGluR (Partridge et al., 2014).
We also showed that this pathway (along with the feed-forward

monosynaptic inhibition of LTS interneurons by THINs discussed
below) is involved in the modulation of the prepulse inhibition of
the startle reflex, an effect shown to involve a thalamostriatal path-
way (Hazlett et al., 2001; Baldan Ramsey et al., 2011; Angelov
et al., 2014). Indeed, specific ablation of THINs, using a Cre-depen-
dent diphtheria toxin, induces significant reduction in the prepulse
inhibition after presentation of an acoustic startle stimulus (Assous
et al., 2017). Our results also demonstrate that this pathway is
involved in the disynaptic inhibition observed in LTS interneurons
after optogenetic stimulation of the thalamus.
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NGF interneurons

In the first description of striatal NGF interneurons (Ibanez-Sandoval
et al., 2011), we showed that electrical stimulation of cortex evokes
monosynaptic excitatory responses in NGF interneurons. However,
unlike LTS interneurons (see below) or FSIs, cortical stimulation
could not elicit action potential firing in NGF interneurons, but only
subthreshold EPSPs (Ibanez-Sandoval et al., 2011). We obtained sim-
ilar results following injection of a CAMKII-ChR2 virus in the motor
cortex and optogenetic stimulation of cortex (Fig. 1A–D). In this para-
digm, spiking could only be elicited in only ~15% of recorded NGF
interneurons (Assous et al., 2017). Responses to a train of optogenetic
pulses show that corticostriatal synapses onto NGF interneurons are
strongly depressing (Assous et al., 2017), Fig. 1D).
In contrast, optogenetic stimulation of thalamostriatal synapses

originating from the PfN achieved by the same technique evoked lar-
ger EPSPs and action potential firing in ~40% of the recorded NGF
interneurons (Fig. 2A–D). Similar to corticostriatal synapses, thalam-
ostriatal synapses onto NGF neurons are also depressing (Assous
et al., 2017). Further, in a fraction of NPY-NGF interneurons
recorded in the same preparation, we observed that the excitatory
responses induced by thalamic stimulation were biphasic (Fig. 2C,D).
The first part of the response is due to the monosynaptic glutamatergic
innervation from the PfN. On the other hand, the second excitatory
response exhibited a significantly longer latency, slower kinetics and
variability in its onset latency. The late responses could be blocked by
a type II nicotinic receptor antagonist pointing to the role of CIN in
the disynaptic activation of NPY-NGF interneurons after optogenetic
thalamic stimulation (Assous et al., 2017; Fig. 2C,D).

LTS interneurons

Anatomical evidence first suggested the existence of synaptic contacts
between corticostriatal afferents and striatal LTS interneurons (Vuillet
et al., 1989). The anatomical evidence regarding thalamic input to

these cells is less clear-cut. In monkeys, it has been shown that those
interneurons receive direct input from the centromedian thalamic
nucleus (Sidibe & Smith, 1999) but another study in rats failed to
report any direct input arising from the PfN (Kachidian et al., 1996).
Whole cell recordings have confirmed direct monosynaptic input

from the cortex both with electrical (Kawaguchi, 1993; Ibanez-
Sandoval et al., 2011) and optogenetic stimulation (Assous et al.,
2017; Fig. 1E–G). In contrast to other interneurons as well as SPNs,
cortical activation induces spikes and also long-lasting plateau
potentials in LTS interneurons (Kawaguchi, 1993; Ibanez-Sandoval
et al., 2011; Assous et al., 2017; Fig. 1F). Cortical synapses onto
LTS interneurons are strongly depressing, in marked contrast to the
short-term facilitation observed in corticostriatal responses onto
SPNs and FSIs (Assous et al., 2017; Fig. 1G).
Using juxtacellular recording and labeling in vivo, it has been

demonstrated that during cortical slow wave activity NOS+ (LTS)
interneurons displayed a heterogeneous firing pattern; some of them
exhibited tonic activity, while others were phasically active (Sharott
et al., 2012). Interestingly, during cortical activation (which presum-
ably replicates more closely the awake cortical state) the firing pat-
tern of LTS interneurons is phasic and indistinguishable from that of
SPNs, which differs from the tonic activity reported or LTS
interneurons in slices (Partridge et al., 2009; Ibanez-Sandoval et al.,
2011; Beatty et al., 2012; Assous et al., 2017). In this study, LTS
interneurons were the only neuronal population reported to reduce
their firing rate when transitioning from slow wave activity to corti-
cal activation (Sharott et al., 2012).
Surprisingly, in sharp contrast to NGF interneurons, we found that

the vast majority of LTS interneurons did not receive monosynaptic
excitatory input from the PfN (Assous et al., 2017). Rather, the
most common response of LTS interneurons to PfN optogenetic
stimulation was a disynaptic inhibition that resulted from monosy-
naptic thalamic activation of THINs that then synapsed onto LTS
interneurons as discussed above (Assous et al., 2017; Fig. 2E–I).

LTS

Cortex

striatum

40 mV

1 s
20 pA

200 ms

CNQX/APV

NGF

Cortex

striatum

0.5 mV
100 ms

20 pA

100 ms

CNQX/APV

Th

PfCPu
LV

cortex

AAV5-CAMKIIa-hChR2(H134R)-mCherry

NPY-GFP miceA B C

D

E F G

Fig. 1. Cortical input to LTS and NGF interneurons. (A, B, E) Cartoons depicting the experimental paradigm where an AAV coding for CAMKII-dependent
ChR2 was injected in the cortex of an NPY-GFP mouse and whole cell recordings were obtained from the 2 NPY interneuron populations. (B–D) NGF, (E–G)
LTS. (C, D) optogenetic cortical stimulation evokes excitatory synaptic responses in both current clamp C and voltage clamp. See text for additional details.
(D) The EPSC/Ps can be blocked by bath application of AMPA/NMDA receptor antagonists (CNQX 10 lM and APV 10 lM, respectively). (E–G) Optogenetic
cortical stimulation evokes spikes and long-lasting plateau potentials (F). In voltage clamp, the EPSC can be blocked by the same glutamate receptor antago-
nists. Adapted from Assous et al. (2017), with permission.
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In cell cell-attached recordings, most LTS interneurons responded
to optogenetic stimulation of the thalamus with a relatively long
pause followed by a rebound increase of activity (Fig. 2F,G) which,
as described above, is also the main response observed in TANs
in vivo after thalamic stimulation or following the presentation of a
salient stimulus, a behavior known to engage the intralaminar
nucleus (See above; Aosaki et al., 1994; Graybiel et al., 1994; Mat-
sumoto et al., 2001; Blazquez et al., 2002; Minamimoto & Kimura,
2002). Those data combined with their similarity in spontaneous
tonic firing activity (at least in slice; Beatty et al., 2012; M. Assous
& J.M. Tepper, unpublished) suggest that potentially some of the
TANs recorded in vivo in the previously described experiments
might in fact be LTS as suggested previously (Ibanez-Sandoval
et al., 2011; Beatty et al., 2012).
These data reveal an extraordinary specificity in the extrinsic

innervation of striatal interneurons from the thalamic PfN (Fig. 3).
They also provide evidence that striatal interneurons form an intri-
cate network (also discussed below) and that the role of different

GABAergic interneurons is more complex than just receiving excita-
tory input from cortex/thalamus and relaying feed-forward inhibition
to SPNs like the FSI does.

CR interneurons

Very little is known about the CR-expressing GABAergic interneu-
rons, as there are as yet no Cre-driver lines or fluorescent reporters
for the CR gene. However, a recent in vivo study identified multiple
subtypes of CR interneurons based on multiple immunofluorescence
for CR and secretagogin and other proteins following juxtacellular
recording and labeling in anesthetized rats. Simultaneous recordings
of cortical activity revealed phase locking of CR units to slow corti-
cal oscillations strongly suggesting, as would be expected based on
other striatal GABAergic interneurons, that there is a cortical input
to CR interneurons. Further characterization of cortical and thalamic
synaptic inputs must await the availability of the appropriate trans-
genic mouse lines.

Th PfCPu
LV

cortex

CAMKIIa-ChR2-mCherry
NPY-GFP mice

NGF

PfN
terminals

striatum

2 mV

100 ms

150 pA

200 ms

DHßE 1µM

40 pA
100 ms

4 mV

200 ms

control
DHßE 1µM

40 mV

200 ms

LTS

PfN
terminals

striatum
40 pA

500 ms

20 mV

500 ms

PfN
terminals

LTS

THINs striatum

Thalamus
PfCPu

LV

cortex

TH Cre x NPY-GFP mice
HR3.0-mCherry

CAMKIIa-hChR2-mCherry

20 pA

150 ms

A

B

C D

E F G

H I

Fig. 2. Thalamic innervation of NGF and LTS interneurons. (A, E) Cartoon depicting the experimental paradigm where an AAV coding for CAMKII-depen-
dent ChR2 was injected in the parafascicular nucleus of the thalamus (Pf) of NPY-GFP mice. (C, D) Responses to the thalamic optogenetic stimulation of a typ-
ical NGF interneuron (inset). The excitatory response in both current clamp (C) and voltage clamp (D) is biphasic. The second response depends on type II
nicotinic receptors as it can be blocked by DHbE (1 lM). (F, G) Responses of an LTS interneuron to optogenetic thalamic stimulation. Most LTS interneurons
exhibited a disynaptic inhibition in response to the optogenetic stimulation as illustrated by a pause in their spontaneous firing in cell attach (F) and current
clamp (G). H Cartoon depicting the experimental paradigm. In TH-Cre x NPY-GFP mice, an AAV coding for CAMKII-dependent ChR2 was injected into the
Pf in combination with a Cre-dependent AAV coding for halorhodopsin virus in the striatum to inhibit THINs. In this preparation, when recording LTS
interneurons the disynaptic IPSC induced by thalamic stimulation (black trace) is significantly reduced after inhibition of THINs (orange, I). Adapted from
Assous et al. (2017), with permission.
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Cholinergic regulation of GABAergic interneurons

Striatal CINs have long been known to play a crucial role in stria-
tum acting directly on SPNs via neuromodulatory muscarinic recep-
tors that have been demonstrated to regulate many aspects of striatal
functioning (Goldberg et al., 2012). A relatively minor role for
presynaptic nicotinic receptors was also recognized, primarily in the
context of the regulation of dopamine release (Whiteaker et al.,

1995; Wonnacott et al., 2000). However, recent data have shown
that that CINs do not solely operate as neuromodulatory neurons but
are also part of a fast synaptic circuitry involving nicotinic receptors
on striatal GABAergic interneurons. This notion was first suggested
by a report that GABAergic IPSCs could be elicited in CINs using
extracellular electrical stimulation, or more rarely, by the activation
of single CINs. These IPSCs were found to be dependent of the

PfN
(thalamus)

Cortex

NGF

FSI LTS THINs SPN CIN

striatum

Fig. 3. Schematic illustrating excitatory cortical and thalamic inputs to striatal neurons. Most striatal neurons receive innervation from both thalamus and cortex
(except LTS interneurons that do not receive thalamic input as shown). However, the strength of these inputs differs, as shown by the thickness of the lines.
Note the stronger innervation of CINs and NGF interneurons from thalamus (PfN) than from cortex. In contrast, FSIs, LTSs and SPNs receive stronger inputs
from the cortex, or exclusively in the case of the LTS interneuron. The ultimate effect of the inputs to different interneurons depends heavily on the intrinsic cir-
cuitry formed by the synaptic and electrotonic interconnections of the various interneurons (see text for details). Cortical projections are in gray, thalamic in
black.
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Fig. 4. Nicotinic responses elicited by optogenetic simulation of cholinergic axons in ChAT-ChR2 mice ex vivo in four types of identified GABAergic
interneurons, (A) THIN. (B) NGF. (C) FAI. Note the large amplitude, suprathreshold EPSPs. Panel C is adapted from Faust et al. (2015), with permission.
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activation of type II nicotinic receptors. The responses were deemed
to be recurrent IPSCs as they could be elicited by stimulation of the
CINs themselves (Sullivan et al., 2008).
Subsequently, we showed that optogenetic activation of CINs

elicits very large, disynaptic recurrent compound GABAergic IPSP/
Cs in CINs that are secondary to nicotinic receptor activation. The
recurrent IPSC could be separated into biophysically distinct fast
and slow components. Using a double transgenic mouse (ChAT-
Cre::NPY-GFP), we showed that the GABAA-slow component of the
compound GABAergic response elicited in SPNs originated from
NGF interneurons (Ibanez-Sandoval et al., 2011; English et al.,
2012). However, the identification of the interneuron(s) that medi-
ates the recurrent inhibition in CINs remains uncertain.
Using a different double transgenic optogenetic strategy (ChAT-

Chr2::HT3Ra-Cre), we showed that the large IPSCs elicited in SPNs
by activation of cholinergic axons could be reduced in amplitude or
almost completely blocked by simultaneous optogenetic inhibition
of the 5HT3a receptor expressing striatal interneurons (Faust et al.,
2016). These experiments show that most or perhaps all of the fast
IPSCs in SPNs triggered by cholinergic stimulation originate from
local interneurons (but see also (Nelson et al., 2014)).
In addition, we showed that not only NGF interneurons (Fig. 4B)

but also FAIs (Fig. 4C) receive large suprathreshold nicotinic EPSPs,
suggesting the involvement of the FAIs in the fast IPSC component
observed in SPNs. However, the IPSP measured in SPNs after stimu-
lation of FAIs is in some respects different from the fast IPSC com-
ponent elicited optogenetically. Indeed, DHßE can fully block the
disynaptic inhibition seen in SPNs but fails to block EPSPs or pre-
vent firing of action potentials in most FAIs. Additionally, the low
initial release probability and strong facilitation of the FAI to SPN
synapse suggest that little inhibition is provided by FAIs during the
first spike in a train, which would occur when the fast IPSC is
observed in SPNs (Faust et al., 2015). Therefore, it remains unclear
whether these cells are responsible for the fast IPSC.
It has recently been demonstrated that THINs also express func-

tional nicotinic receptors (Luo et al., 2013; Ibanez-Sandoval et al.,
2015). Local application of a cholinergic agonist, carbachol, induces
depolarization and action potential firing. The source(s) of the ACh
that activates these nicotinic receptors and whether these excitatory
nicotinic responses can be induced by stimulation of intrinsic and/or
extrinsic (Dautan et al., 2014) cholinergic neurons remains somewhat
unclear. We have recently found using double transgenic ChAT
ChR2::TH-Cre mice that type I THINs respond with large EPSPs and
fire action potentials after local optogenetic stimulation of cholinergic
neurons (M. Assous & J.M. Tepper, unpublished; Fig. 4A).
It has been recently shown that cholinergic neurons located in the

brainstem provide a direct innervation of the striatal complex (Dautan
et al., 2014). Using ChAT-Cre transgenic rats, the authors selectively
labeled cholinergic neurons in different areas of the pedunculopontine
and laterodorsal tegmental nuclei. They showed that cholinergic neu-
rons topographically innervate wide areas of the striatal complex
forming principally asymmetric synapses with dendritic shafts and
spines. At present, the synaptic targets of those cholinergic axons have
not been identified, but it is possible that at least part of the nicotinic
responses that we observed in many GABAergic interneurons (Fig. 4)
might arise from brainstem nuclei (Dautan et al., 2014).

Interneuron–Interneurons interactions

The classical view on GABAergic interneuron function has been
that they operate as independent, parallel, feed-forward inhibitory
elements, each providing temporally or otherwise specialized

inhibitory inputs to SPNs (Koos et al., 2004; Gittis & Kreitzer,
2012). While this perspective is likely true for some interneuron
populations such as the FSIs that only target SPNs (Koos & Tepper,
1999; Gittis et al., 2010; Planert et al., 2010; Szydlowski et al.,
2013; Garas et al., 2016) in addition to interacting with each other
via chemical and electrical synapses (Koos & Tepper, 1999; Szyd-
lowski et al., 2013) it is clearly not true for all of the other striatal
GABAergic interneurons. For example, we have identified a novel
GABAergic interneuron that contacts other GABAergic interneu-
rons, but does not synapse onto SPNs (M. Assous & J.M. Tepper,
unpublished).
As discussed above, there is good evidence that other interneuron

populations interact with each other in different and cell-type-specific
ways. CINs innervate at least 3 other GABAergic interneurons: NGF
(English et al., 2012; Faust et al., 2015; Assous et al., 2017), FAI
(Faust et al., 2015) and THINs (M. Assous & J.M. Tepper, unpub-
lished; Fig. 4), but not FSIs. All those inputs comprise fast nicotinic
receptor signaling for the most part, although presynaptic muscarinic
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Fig. 5. Powerful and selective connectivity of THINs with other interneu-
rons. Top left: THINs transfected with ChR2-EYFP spiking after a blue light
pulse Top right: Schematic representing specificity of the connectivity of
THINs. Panels from top to bottom: LTS interneurons receive a strong inhibi-
tory input from THINs, while NGF and FSI do not. CINs receive inhibitory
input from THINs. Adapted from Assous et al. (2017), with permission.
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modulation of some of these interneurons has also been observed
(Koos & Tepper, 2002; M. Assous & J.M. Tepper, unpublished).
Those connections are highly cell type specific as they exhibit differ-
ent nicotinic receptor pharmacology, and there is a lack of choliner-
gic synaptic innervation of some GABAergic interneurons (FSI and
LTS, English et al., 2012).
Conversely, it has also been shown that CINs receive GABAergic

innervation from several populations of striatal interneurons. One is
the unidentified recurrent interneuron mentioned above. Other intras-
triatal GABAergic inputs to CINs originating from several identified
interneurons have been reported by others and us. LTS interneurons
and THINs provide GABAA-mediated innervation to CINs (Holley
et al., 2015; Straub et al., 2016), and we showed that NGF interneu-
rons provide an atypical GABAA-slow innervation onto CINs and
SPNs (Ibanez-Sandoval et al., 2011; English et al., 2012). Both
NGF and THINs receive suprathreshold excitatory innervation from
the thalamus (Assous et al., 2017). In this context, the potential role
of those interneurons in the pause response of CINs as well as in the
GABAergic-mediated decrease in striatal acetylcholine levels (Zack-
heim & Abercrombie, 2005; Nanda et al., 2009) observed after thala-
mic stimulation would be interesting to investigate.
We also found that THINs form highly cell-type-specific connec-

tions. In addition to inhibiting CINs (Fig. 5), we also described that
THINs strongly inhibited LTS interneurons (Assous et al., 2017;
Fig. 5). This pathway is at the center of the disynaptic inhibition
observed in the majority of LTS interneurons after optogenetic thala-
mic stimulation and mediates the thalamostriatal-dependent modula-
tion of prepulse inhibition of the startle reflex (Assous et al., 2017).
In contrast, using the same optogenetic methods, we found that

THINs do not innervate significantly FSI or NGF interneurons, here
again highlighting the specificity in interneuron–interneuron connec-
tions (Assous et al., 2017; Figs 5 and 6).

Conclusions

Excitatory inputs originating from cortex and thalamus onto the stria-
tum are essential for striatal function and a large variety of behaviors.
Besides innervating the SPNs, these glutamatergic inputs also innervate
most striatal interneurons (summarized in Fig. 3). Traditionally, the
function of cortical and thalamic input to striatal GABAergic interneu-
rons was considered to exert feed-forward inhibition on SPNs and by
this mechanism regulate precisely their spike timing. In this review, we
showed that even if this view is valid to some extent (for FSIs for exam-
ple), it is grossly incomplete. Indeed, there is now growing evidence
showing that the extrinsic innervation of striatal interneurons is not uni-
form but very specific (Fig. 4). Some interneurons receive predomi-
nantly (or only in the case of the LTS interneuron) input from one
source or the other. Excitatory inputs to striatal interneurons also exhibit
various short-term and long-term plasticities, which may provide them
with different functions. We are also accumulating increasing amounts
of data showing that striatal interneurons are themselves synaptically
and electronically interconnected with great specificity and selectivity.
This suggests that the impact of extrinsic inputs on striatal activity criti-
cally depends on synaptic interactions within the interneuronal circuitry.
Finally, although we focused here on extrinsic glutamatergic input orig-
inating from the cortex and the thalamus, similar specificity in the inner-
vation of striatal interneurons would presumably also exist for the other
sources of innervation to the striatum.

FAI

CIN

FSI LTS

SPN

NGF

THINs

recurrent IN

Fig. 6. Schematic illustrating interneurons connectivity. Note the complexity of the circuit where in addition to connecting SPNs, several functional interneu-
ron–interneuron synaptic connections have been recently discovered. There is also one interneuronal circuit whose presence has been suggested involving a
recurrent IN (in gray) targeting CINs. The dotted line linking CIN and SPNs represent muscarinic neuromodulation while the solid lines emanating from the
CIN indicate nicotinic synapses.
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