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To determine the requirement for parvalbumin (PV) expressing GABAergic interneurons of the nucleus accumbens (NAc) in the
behavioral adaptations induced by amphetamine (AMPH), we blocked synaptic vesicle release from these neurons using Cre-inducible viral
expression of the tetanus toxin light chain in male and female PV-Cre mice. Silencing PV+ interneurons of the NAc selectively inhibited the
expression of locomotor sensitization following repeated injections of AMPH and blocked AMPH-induced conditioned place preference
(CPP). AMPH induced significantly more expression of the activity-dependent gene Fos in both D1 and D2 dopamine receptor-expressing
medium spiny neurons (MSNs) of the NAc of PV+ interneuron silenced mice, suggesting a function for PV+ interneuron-mediated MSN
inhibition in the expression of AMPH-induced locomotor sensitization and CPP. These data show a requirement for PV+ interneurons of
the NAc in behavioral responses to AMPH, and they raise the possibility that modulation of PV+ interneuron function may alter the
development or expression of psychostimulant-induced behavioral adaptations.
Neuropsychopharmacology (2018) 43, 953–963; doi:10.1038/npp.2017.178; published online 27 September 2017
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INTRODUCTION

Psychostimulant drugs of abuse induce plasticity in func-
tional neural circuits within the brain’s reward system,
leading to the expression of addictive-like behaviors. Many
studies have focused on the plasticity of medium spiny
neurons (MSNs) in the nucleus accumbens (NAc) as a
mechanism of these behavioral changes (Kauer and Malenka,
2007; Robison and Nestler, 2011). However, MSN firing is
also modulated by multiple classes of local NAc interneurons
(Kreitzer, 2009; Tepper et al, 2010). However, the roles of
these neurons in the behavioral response to drugs of abuse
are poorly understood. Parvalbumin (PV)-containing, fast-
spiking GABAergic interneurons (FSIs) comprise only 1–2%
of all neurons in the NAc, yet they each make numerous,
strong inhibitory synapses onto the somata and proximal
dendrites of multiple nearby MSNs (Kita et al, 1990). Feed-
forward inhibition from PV+ striatal interneurons filters
cortical input to MSNs and controls MSN spike timing
(Mallet et al, 2005). Thus PV+ interneurons are poised to
have a major impact on the functional output of the NAc.

Dopamine (DA) plays a key role in inducing circuit
plasticities following psychostimulant exposure, and several
lines of evidence suggest that PV+ interneurons are targets of
regulation by DA-dependent signaling pathways. Upon
amphetamine (AMPH) administration, FSIs fire robustly
in vivo (Wiltschko et al, 2010), and in slice preparations
these interneurons are directly excited by DA D1 receptor
agonists (Bracci et al, 2002). Both AMPH and cocaine induce
expression in NAc PV+ interneurons of the activity-
inducible transcription factor Fos as well as Ser421
phosphorylation of the methyl-DNA-binding protein
MeCP2, raising the possibility that these neurons may
undergo DA-dependent transcriptional adaptations (Deng
et al, 2010). Indeed, repeated cocaine exposure increases the
excitability of FSIs in the NAc (Winters et al, 2012), and
long-term DA depletion alters the connectivity between PV+
interneurons and MSNs in the dorsal striatum in ways that
can modulate striatal circuit properties (Gittis et al, 2011).
However the functional requirement for NAc PV+ GABAer-
gic interneurons in psychostimulant-induced addictive-like
behaviors has remained unknown.
We hypothesized that the activity of PV+ interneurons in

the NAc, via their regulation of MSN firing, are required for
the development and/or expression of behavioral adapta-
tions, including locomotor sensitization and conditioned
place preference (CPP), that are induced by repeated
exposure to AMPH. To test this hypothesis we used an
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intersectional genetic strategy to express tetanus toxin light
chain (TeLC) selectively in PV+ interneurons of the NAc to
determine the behavioral consequences of silencing output
from these neurons within the local NAc circuit. Our data
reveal a previously unknown requirement for PV+ inter-
neurons of the NAc in the expression of both locomotor
sensitization and CPP induced by repeated AMPH exposure.
The results from these studies increase our understanding of
the cellular mechanisms that underlie psychostimulant-
induced addictive behaviors.

MATERIALS AND METHODS

Mice

We performed all procedures under an approved protocol
from the Duke University Institutional Animal Care and Use
Committee. Homozygous female Pvalb-T2A-Cre (Pvalb-Cre)
mice (Madisen et al, 2009) were purchased from The Jackson
Laboratory (Bar Harbor, ME; B6.Cg-Pvalbtm1.1(cre)Aibs/J, stock
no. 012358) and crossed with male C57BL/6J mice (The
Jackson Laboratory). Unless explicitly stated, all experiments
used male or female mice that were heterozygous (HET) for
the Pvalb-Cre allele. Eight independent cohorts of Pvalb-Cre
HET mice were used. Two cohorts of male mice (n= 5, 10/
virus) and one of female mice (n= 4/virus) were used for the
sensitization experiments in Figure 2a–c and Supplementary
Figure S1 and the immunostaining in Figure 1a–d. A third
cohort of male mice (n= 2/virus) was used for the
electrophysiological experiments in Figure 1e–h and a fourth
(n= 9/virus) was used for sensitization in Figure 2e and f and
for the microdialysis in Figure 3. A second cohort of female
mice (n= 10/virus/condition) was used for the CPP and
sucrose preference experiments in Figure 5. These mice were
combined with one additional female cohort (n= 3/virus) for
the Fos analyses in Figure 4a and b. One final cohort of male
and female mice (n= 5 mice/virus) was used for the Fos
mRNA in situ experiment in Figure 4c and d.

Antibodies

We used goat anti-PV 1:1000 (PVG214; Swant, Marly,
Switzerland), rabbit anti-VAMP2 1:1000 (104-202; Synaptic
Systems, Goettingen, Germany), guinea pig anti-VGAT 1:500
(131-004 Synaptic Systems), rabbit anti-Fos 1:5000 (PC38;
EMD Millipore, Billerica, MA); chicken anti-GFP (AB16901;
EMD Millipore); secondary antibodies 1:500 conjugated to
Cy2, Cy3 or Cy5 (Jackson ImmunoResearch, West
Grove, PA).

Stereotaxic Surgery

Cre-inducible adeno-associated viral (AAV) plasmids con-
taining GFP-tagged TeLC or GFP alone, each with the
reading frame inverted in a flip-excision (FLEX) cassette
(AAV-FLEX-TeLC and AAV-FLEX-GFP) were obtained
from Dr Peer Wulff, Christian Albrechts University, Kiel,
Germany (Murray et al, 2011). AAVs were generated by the
University of Pennsylvania vector core facility or the Duke
University viral vector core facility in serotype AAV2/5.
Stereotaxic surgery was performed as in Deng et al (2010) to
deliver viruses to the medial shell of the NAc using

coordinates from Bregma of AP+1.6, ML1.5, DV -4.5, with
the T bar set to 8°. We conducted behavioral experiments
3 weeks later.

Electrophysiological TeLC Validation

Animals were anesthetized via intraperitoneal injection of
2,2,2-tribromoethanol and 300-μm-thick brain slices were
prepared using procedures for adult and aging mice (Ting
et al, 2014). Data were acquired and digitized as previously
described (Wan et al, 2011). Recording pipettes were pulled
to 1.5–4MΩ resistance. During recordings, slices were
continuously perfused with carbogenated standard ACSF
(Wan et al, 2011) at 28–31 °C. A CsCl-based internal solution
(Mathur et al, 2013) was used to detect inhibitory
postsynaptic currents (iPSCs) of MSNs in whole-cell voltage
clamp and action potentials in PV+ neurons in cell-attached
mode. Recordings were carried out in the presence of NMDA
and AMPA/kainate receptor blockers AP5 (50 μM) and
CNQX (10 μM). To assess PV+ neuron-mediated GABAer-
gic transmission onto MSNs, GFP- and mCherry-negative
cells were patched in NAc where expression of PV-GFP and
PV-mCherry were both prominent as determined by
epifluorescence. While recording an MSN (Vhold=− 70 mV),
a ~ 0.5 mm radius spot surrounding the recorded cell was
illuminated by a 473 nm LED (Thorlabs) at increasing light
intensities to drive action potential firing in ChR2-expressing
PV+ neurons. Paired 3 ms light pulses were delivered 50 ms
apart to obtain comparative measures of GABAergic release
probability from PV+ neurons onto MSNs between GFP and
TeLC groups (paired pulse ratio; PPR). PPR was calculated
as log 2

iPSC2
iPSC1

within-trial and averaged across trials. Series
resistance was below 25MΩ for whole-cell recordings and
did not fluctuate by more than 2MΩ. To assess whether
473 nm light drove action potentials in PV+ neurons
expressing ChR2 and either TeLC (n= 1 cell) or GFP
(n= 2 cells), NAc neurons positive for both GFP and
mCherry were recorded in cell-attached mode (Vhold

= 0 mV). Single 3 ms light pulses were delivered at the same
set of intensities used for iPSC recordings in MSNs in the
same region of GFP and mCherry expression.

Open Field Locomotor Activity and Locomotor
Sensitization

Each day mice were habituated to the open field (Accuscan
Instruments, Columbus, OH) for 1 h to establish baseline
locomotor activity. Saline (as vehicle control) or 3 mg/kg
AMPH (Sigma) was administered (i.p.) and mice were
returned immediately to the open field for 1 h. Locomotor
activity was monitored as horizontal distance traveled (cm).
In sensitization protocol 1 (Figure 2a–c and Supplementary
Figure S1) mice were first stereotaxically injected in the NAc
with the GFP or TeLC-GFP viruses 3 weeks before they were
sensitized. On day 1 all mice received saline injections (i.p.)
in the open field; on days 2, 3, 4, 5, and 6 all mice received
3 mg/kg AMPH (i.p.) in the open field; and on day 13 mice
received a final challenge injection of 3 mg/kg AMPH. In
protocol 2 (Figure 2d–f), mice were sensitized before they
were stereotaxically injected with the GFP and TeLC-GFP
viruses. On days 1, 2, 3, 4, 5, and 6 all mice received 3 mg/kg
AMPH (i.p.) in the open field; 4 days later mice were
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Figure 1 Cell-type specific AAV-mediated tetanus toxin light chain (TeLC) expression in PV+ GABAergic interneurons of the NAc in Pvalb-Cre mice. (a)
Anatomical localization of stereotaxic viral injection in the mouse NAc. Coordinates AP: 1.18 mm from bregma, L: 1.18 mm, adapted from Franklin and
Paxinos (2007). Scale bar, 0.75 mm. (b) Co-localization of AAV-mediated GFP expression (green) with PV immunoreactivity (red) in the NAc of Pvalb-Cre
mice 3 weeks following stereotaxic viral infection. Colabeled cells are marked by an asterisk in the merge. Occasional GFP+/PV- cells (green in the merge view)
are likely to have PV levels below our detection threshold as in Donato et al. (2013). Scale bar, 30 μm. (c) Identification of GFP+/VGAT+ synaptic terminals
(yellow outlines) in the NAc of Pvalb-Cre mice infected with either TeLC-GFP (TeLC) or GFP as control for the assessment of VAMP2 expression. Scale bar,
2.5 μm. (d) Quantification of VAMP2 immunoreactivity in GFP+/VGAT+ terminals in the NAc of mice infected as in (c). n= 4 mice/virus; *po0.05. (e) Cre-
dependent, AAV-mediated co-expression of ChR2-mCherry (red) and TeLC-GFP (green) in PV+ (blue) neurons of the NAc. Scale bar, 15 μm. (f) Top:
example traces showing light-evoked action potential firing in GFP/ChR2-expressing (left) and TeLC/ChR2-expressing (right) PV+ neurons in NAc. Action
potentials were recorded in cell-attached mode. Bottom: Representative voltage clamp recordings showing MSN iPSCs evoked by paired-pulse
photoactivation of nearby PV+ neurons expressing GFP/ChR2 (left) or TeLC/ChR2 (right). Green bar indicates light on. (g) Amplitudes of iPSCs evoked by the
first light pulse in MSN recordings from PV-TeLC/ChR2 and PV-GFP/ChR2 mice. (h) Assessment of GABAergic release probability from PV+ neurons onto
MSNs by comparing log2 paired-pulse ratios (PPR) between GFP and TeLC groups. n= 9 MSNs from PV-GFP/ChR2 mice and 10 MSNs from PV-TeLC/ChR2
mice, *po0.05.
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stereotaxically injected with the GFP or TeLC-GFP viruses;
3 weeks later mice received a single challenge injection of
3 mg/kg AMPH in the open field; one day later all mice
received saline (i.p.) in the open field as control.

Microdialysis

Microdialysis was performed as in Pogorelov et al (2005) on
mice 6 weeks following AAV infection and 3 weeks following
the sensitization shown in Figure 2d and e. Animals were
anesthetized with ketamine/xylazine i.p. and unilaterally
implanted with guide cannulae targeted to the NAc at AP:
+1.2 mm from bregma, L: +3.0 mm, V: − 2.8 mm (Franklin
and Paxinos, 2007) at an angle of 14o to avoid the previous
microinjection track. Seven days after surgery we collected
three baseline samples, delivered 3 mg/kg of AMPH (i.p.)
and seven additional samples were collected. At the end of
the experiment, we confirmed cannula placement within the
virus-infected area. Two mice were excluded because of

Figure 2 Silencing transmission from PV+ GABAergic interneurons of the NAc impairs the expression of behavioral sensitization to repeated AMPH
administration in male mice. (a) Diagram of the locomotor sensitization procedure used for (b) and (c). (b) Distance traveled (cm) during the first 60 min of
habituation to the open field for d1–6 and d13. (c) Distance traveled (cm) each day during the 60 min following injection (i.p.) of either saline (Sal only on d1)
or 3 mg/kg AMPH (d2–d6 and d13); n= 15 male mice/virus; *po0.05, GFP vs TeLC on a single day; #po0.05, d13 AMPH challenge vs d2 acute AMPH.
(d) Diagram of locomotor sensitization procedure used for (e) and (f). (e) Distance traveled (cm) during the first 60 min of habituation to the open field for
d1–6, d31, and d32. (f) Distance traveled (cm) in the open field during the 60 min following injection of either 3 mg/kg AMPH i.p. (d1–d6, d31) or saline
(Sal, d32). AAVs expressing Cre-inducible GFP or TeLC were delivered by stereotaxic injection to the NAc of Pvalb-Cre mice on d10. n= 9 male mice/virus.
*po0.05 GFP vs TeLC on d31 AMPH challenge; #po0.05 d31 AMPH challenge vs day 32 saline (Sal).

Figure 3 Silencing transmission from PV+ GABAergic interneurons of
the NAc does not block AMPH-induced DA release in the NAc. DA
measured by microdialysis from the NAc of mice expressing GFP or TeLC
in GABAergic interneurons of the NAc that had been previously exposed to
repeated AMPH injections (Figure 2d–f). Basal expression was measured
each mouse at -20 min, -10 min, and 0 min prior to injection of 3 mg/kg
AMPH (i.p.) in the home cage and samples were collected at 10 min
intervals after injection for 70 min. n= 6 GFP, n= 6 TeLC mice; *po0.05,
GFP vs TeLC.
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probe misplacement. Samples were stored at − 80 °C and
analyzed with HPLC with electrochemical detection using
the Alexys monoamine analyzer (Antec, Palm Bay, FL). The
chromatograms were analyzed by the Clarity software
package (DataApex, Prague, Czech Republic). A signal-to-
noise ratio (SNR) of 3 was considered the limit of detection.
Extracellular concentrations of DA, DOPAC, and HVA were
expressed as pg/column.

Immunofluorescence

Two hours following open field administration of either
saline or 3 mg/kg AMPH (i.p.) mice were transcardially
perfused and processed for immunostaining as in Deng et al
(2010). We performed immunofluorescence on either a Leica

DMI4000 wide-field microscope or a Leica SP8 confocal
microscope. Immunofluorescence intensity was quantified
using the Count Nuclei module in Metamorph (Molecular
Devices, Sunnyvale, CA) for Fos and the Analyze Particles
module in Fiji for VAMP2.

In Situ Hybridization

We performed RNAScope fluorescent in situ hybridization
(FISH) for Fos, Drd1, and Drd2 mRNAs. One hour following
the challenge dose of 3 mg/kg AMPH (i.p.) in the open field,
brains were harvested and flash-frozen in an isopentane/dry
ice bath (Thermo Fisher Scientific, Carlsbad, CA). Twenty
micrometer coronal sections were cut on a cryostat and
the slices were mounted on Super Frost Plus slides

Figure 4 Enhanced AMPH-induced Fos expression in both DA D1- and D2-receptor expressing MSNs of the NAc in mice with PV+ GABAergic
interneurons silenced. (a) Fos immunofluorescence in the NAc of mice expressing either GFP or TeLC in PV+ interneurons of the NAc 2 h following
administration of saline, 3 mg/kg AMPH, or the challenge dose of 3 mg/kg AMPH i.p. following the protocol shown in Figure 2d. Scale bar, 100 μm.
(b) Quantification of the immunostaining from (a). n= 9 mice/virus for AMPH and challenge groups, n= 3 mice/virus for saline, *po0.05 GFP vs TeLC within a
treatment group. (c) Triple color fluorescence in situ hybridization for Fos, Drd1, and Drd2 in the NAc of mice 1 h following administration of the challenge
dose of 3 mg/kg AMPH i.p. Nuclei (Nuc) are labeled in blue by Hoeschst. Colabeling of cells is indicated in the Fos panel as follows: 1, colocalizes with Drd1; 2,
colocalizes with Drd2, N colocalizes with neither. Colocalization can be seen in the overlay panels to the right of Fos. Scale bar, 25 μm. (d) Quantification of the
percent of Fos+ cells in the NAc that overlap Drd1 or Drd2 in mice expressing GFP or TeLC in PV+ GABAergic interneurons of the NAc. Percent was
calculated as the number of Fos+ cells colabeled for Drd1 or Drd2 divided by the total number of Fos+ cells in the same section. n= 5 mice/virus.
(e) Colocalization of Fos in the NAc after repeated AMPH with Ppp1r1b, which encodes the MSN marker Darpp-32. Three cells highlighted by asterisks in the
yellow box are shown in the enlargement of the merge at right, in which one (upper left) does not colocalize with Ppp1r1b. Scale bar, 50 μm.
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(Fisher Scientific). We used the following probes (Advanced
Cell Diagnostics, Newark, CA): Mm Fos-C3 probe (Cat#
316921-C3; GenBank accession number NM_010234.2;
target region, 407–1427); Mm Drd1-C1 probe (Cat #
406491-C1; GenBank accession number NM_010076.3;
target region, 444-1358), Mm Drd2-C2 probe (Cat#
406501-C2; GenBank accession number NM_010077.2;
target region, 69-1175); and Mm Ppp1r1b-C2 probe (Cat#
405901; GenBank accession number NM_144828.1; target
region, 590-1674). We incubated sections for 30s with DAPI
to label nuclei of all cells. Two sections were imaged for each
brain and three nonoverlapping fields were captured to tile
the full medial extent of the NAc. Z-stack images were taken
at × 20 on a Leica SP8 confocal microscope and analyzed in
FIJI/ImageJ. For each Fos-positive cell we determined by
focusing through the z-stack whether it was co-localized with
Drd1, Drd2, both, or neither and the numbers of each
category were summed across the three fields for each
section then reported as a percent of total Fos+ cells. In
separate experiments we did the same for each Fos+ cell
asking it was co-localized with Ppp1r1b.

Conditioned Place Preference

CPP testing was conducted in a three-chambered apparatus
with equal-sized chambers (16.8 × 12.7 × 12.7 cm) different in
color (black vs white) and floor texture (grid or bar) joined
by a smaller chamber (7.2 × 12.7 × 12.7 cm), with manually
operated doors and equipped with infrared diodes (Med-
Associates, St Albans, VT). CPP was as in Deng et al (2010)
with the following modifications. All mice received stereo-
taxic NAc injections with GFP or TeLC-GFP viruses 3 weeks
prior to testing. On day 1, we acclimated mice to the CPP
apparatus by placing them into the center chamber and
allowing them free access to the entire apparatus for 30 min.
Conditioning began on day 2 and consisted of three two-day
pairing cycles. The chamber paired with AMPH was
randomly assigned regardless of initial chamber preference
on day 1. On the first day (day 2) of conditioning and every
other day afterwards (days 4 and 6), we administered 2 mg/
kg AMPH (i.p.) and confined the mice to the drug-paired
chamber for 30 min. On alternate days (days 3, 5, and 7), we
administered saline (i.p.) and confined mice to opposite
chamber. Control mice were injected with saline on all
paring days (days 2–7). The designated ‘drug’ paired
chamber was the chamber used on day 2. Forty-eight hours
after the final day of conditioning (day 9), mice were placed
into the center chamber, allowed free access to the entire
apparatus for 30 min, and the time spent in each chamber
was recorded. For data analyses, we calculated a CPP
Difference Score as the amount of time in seconds the
mouse spent in the designated ‘drug’-paired chamber on
the challenge day minus the amount of time in seconds the
mouse spent in the same chamber on the acclimation day.
One week later, all mice that received only saline (control
groups) were subsequently tested for sucrose preference as
described below.

Sucrose Preference

Sucrose preference was assessed using a two-bottle choice
test. Mice were housed individually in the home cage and

were given two bottles of water for at least 8 days until stable
and non-biased water drinking from both bottles was
achieved. Liquid intake was measured for 24 h by recording
the bottle weights. Subsequently, water in one bottle was
paired with another bottle containing sucrose at concentra-
tions of 0.5, 0.75, or 1%, each for 3 consecutive days. After
the series of sucrose solutions, animals were re-trained for
water drinking from both bottles. A second choice test was
repeated by pairing water with 0.3 μM quinine to test
gustatory responses to quinine. Preference for sucrose
(positive values) or avoidance to quinine (negative values)
was calculated by subtracting the volume of water in bottle A
consumed from the volume of sucrose or quinine solution in
bottle B consumed on the same day, and then dividing that
quantity by the total liquid consumption on each testing day.

Statistics

Data are presented as means± SEM and analyzed using SPSS
(IBM SPSS Statistics, Armonk, NY). Comparisons between
two independent samples were analyzed with a Student’s
unpaired t-test. Open field, microdialysis, sucrose/quinine
preference, and electrophysiology data were analyzed by two-
way repeated measures ANOVA (rmANOVA) with treat-
ment or time (days) as a within-subject and virus as the
between-subject factors followed by Bonferroni post hoc tests
where applicable. Fos protein induction data were analyzed
by two-way ANOVA with virus and treatment as the
between-subjects factors and CPP data were analyzed by
two-way ANOVA with drug pairing and virus as the
between-subjects factors. A po0.05 was considered
significant.

RESULTS

Selective Disruption of Synaptic Transmission from PV+
GABAergic Interneurons of the NAc Impairs Behavioral
Sensitization to Repeated AMPH Exposure

To determine the role played by PV+ GABAergic inter-
neurons of the NAc in behavioral adaptations induced by
AMPH, we silenced synaptic transmission from these
neurons via cell-type specific viral expression of the TeLC.
We bilaterally stereotaxically injected Cre-inducible adeno-
associated viruses (AAVs) expressing GFP-tagged TeLC or
GFP alone as control (Murray et al, 2011) into the medial
shell region of the NAc of mice that were heterozygous for
expression of the Cre recombinase from a transgene knocked
into the Pvalb locus (Madisen et al, 2009) (Figure 1a). For
both viruses we observed GFP expression in PV+ cells of the
NAc in a pattern consistent with the known enrichment of
PV+ neurons in the rostral shell (Figure 1a and b;
Todtenkopf et al, 2004). Quantification of overlap showed
viral expression in 60.9± 5.9% of identified PV+ neurons
within the NAc (n= 5 mice/virus).
TeLC cleaves the synaptic vesicle protein VAMP2 to block

neurotransmitter release (Murray et al, 2011; Schiavo et al,
1992; Yamamoto et al, 2003). We found that VGAT+
terminals of neurons in the NAc expressing TeLC-GFP
showed a ~ 50% reduction in VAMP2 immunoreactivity
compared with control GFP-expressing VGAT+ terminals
(Figure 1c and d, n= 4 mice/virus, p= 0.05). The residual
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VAMP2 immunoreactivity may reflect low-affinity antibody
recognition of the cleavage products (Yamamoto et al, 2003).
To confirm that TeLC blocked neurotransmission from PV+
neurons, we stereotaxically co-injected a Cre-inducible AAV-
expressing ChR2-mCherry with either TeLC-GFP or GFP
into the NAc (Figure 1e). We then prepared acute brain slices
and photoactivated PV+ neurons while recording postsy-
naptic responses in MSNs. Four hundred and seventy-three
nanometer light drove action potentials in PV+ neurons in
slices from both PV-GFP/ChR2 and PV-TeLC/ChR2 mice
(Figure 1f, top). MSN iPSCs were recorded after paired-pulse
photoactivation of nearby PV+ neurons co-expressing GFP/
ChR2 or TeLC/ChR2 (Figure 1f, bottom). Light-evoked
iPSCs were orders of magnitude smaller in MSNs from PV-
TeLC/ChR2-expressing mice relative to those from PV-GFP/
ChR2 mice (Figure 1g, rmANOVA group effect F1,17= 11.41,
p= 0.004, n= 9 MSNs from 2 PV-GFP/ChR2 mice and 10
MSNs from 2 PV-TeLC/ChR2 mice) and this effect increased
with light intensity (F= 9,153= 8.67, po0.0001). PPRs were
also consistent with a lower release probability in PV-TeLC/
ChR2 mice relative PV-GFP/ChR2 (Figure 1h, po0.0001).
These results show that TeLC significantly and dramatically
reduces neurotransmission from PV+ neurons onto MSNs in
the NAc.
To determine whether PV+ GABAergic neurons of the

NAc are required for locomotor sensitization to AMPH, we
first subjected two independent cohorts of male mice
expressing TeLC or GFP in PV+ neurons of the NAc to
daily saline or AMPH injections in the open field (Figure 2a).
Because the magnitude of locomotor sensitization to
psychostimulants can differ by sex (Milesi-Halle et al, 2007;
Peris et al, 1991), we separately tested a cohort of female
TeLC or GFP-expressing mice in the same procedure. We
observed no obvious deficits in male or female mice
expressing either TeLC or GFP in PV-positive interneurons
of the NAc, and for both sexes rmANOVA showed
statistically indistinguishable baseline locomotor activity
between the viral groups during daily habituation to the
open field (Figure 2b, males, there was a significant effect of
days F6,156= 18.96, po0.001, but no effect of virus
F1,26= 0.003, p= 0.96; Supplementary Figure S1A, females).
We confirmed that both GFP and TeLC-expressing mice

displayed a significant increase in locomotor activity
following treatment in the open field with acute AMPH
compared with saline treatment; however, the TeLC mice
selectively failed to show sensitization upon repeated AMPH
treatment (Figure 2c). For male mice rmANOVA showed a
significant main effect of days F6,162= 32.54, po0.001, a
significant main effect of virus F1,27= 12.19, p= 0.002, and
a significant days × virus interaction F6,162= 3.51, p= 0.003.
Both GFP and TeLC-expressing mice showed locomotor
stimulation induced by AMPH compared with saline (for
GFP d2 vs d1 po0.001, for TeLC d2 vs d1 po0.001).
However, when we repeated AMPH exposure in the open
field and then tested for locomotor sensitization with a
challenge dose of AMPH, the further increase in locomotor
activity that indicates sensitization was present only in the
GFP mice and was absent from the TeLC mice (Figure 2c).
Specifically, whereas the mice expressing GFP displayed
significantly increased locomotor activity following repeated
AMPH treatment upon challenge compared with their
response to acute AMPH injection (p= 0.001, GFP on d13

vs d2), the TeLC-expressing mice showed no increase in
locomotor activity over this same period (p= 1.0, TeLC on
d13 vs d2). Furthermore, on the challenge day, mice
expressing TeLC in PV+ neurons of the NAc showed
significantly lower locomotor activity compared with the
GFP expressing group (po0.001 d13 GFP vs TeLC;
Figure 2c). Female mice with TeLC-based PV+ neuron
silencing showed a similar trend toward impaired sensitiza-
tion (Supplementary Figure S1B). Thus these data show that
expressing TeLC in PV+ interneurons of the NAc selectively
inhibits the locomotor sensitization induced by
repeated AMPH.
To demonstrate that the ability of the TeLC virus to inhibit

locomotor sensitization required Cre-inducible expression of
TeLC in PV+ neurons, we delivered the GFP or TeLC AAVs
into a cohort of male inbred C57BL/6 mice (no Cre
expression) as a negative control. In this experiment,
repeated injection of AMPH produced locomotor sensitiza-
tion that was indistinguishable between the viral groups
(Supplementary Figure S2).
Acquisition of behavioral sensitization takes place when a

mouse experiences daily exposure to AMPH; the expression
of sensitization is assessed by a locomotor response to an
AMPH challenge after some time has passed. To determine
when neurotransmission from PV+ GABAergic neurons of
the NAc is required for expression of behavioral sensitiza-
tion, we first exposed a cohort of male Pvalb-Cre mice to
repeated AMPH injections in the open field and then tested
the consequences of silencing PV+ neurons in the NAc only
after sensitization had been established (Figure 2d). As
expected, rmANOVA revealed that there was no effect of the
virus on locomotor activity during habituation to the open
field (Figure 2e, significant main effect of days F7,98 = 4.6,
po0.001 but no effect of viral group F1,14 = 3.97, p= 0.07).
Prior to viral infection both groups developed indistinguish-
able locomotor sensitization (Figure 2f, significant effect of
days F5,80= 50.75, po0.001, but no effect of viral group F1,
14= 0.22, p= 0.65). However virally inducing expression of
TeLC but not GFP in PV+ neurons after sensitization had
been established selectively eliminated the expression of the
sensitized locomotor response at challenge, without fully
blocking the locomotor stimulation induced by AMPH
(Figure 2f). Comparing the locomotor response at the
AMPH challenge on d31 to the saline test on d32,
rmANOVA revealed a significant main effect of treatment
(F1,14= 70.19, po0.001), a significant effect of the virus
(F1,14= 13.43, p= 0.003) and a significant virus × days inter-
action (F1,14= 8.3, p= 0.012). Post hoc Bonferroni tests
showed significantly reduced locomotor activity on the
challenge day 31 when TeLC mice were compared with the
GFP mice (p= 0.005). However both the GFP mice and the
TeLC mice still showed significantly greater locomotor
activity after injection of AMPH on d31 compared with that
to the saline injection on d32 (for GFP po0.001, for TeLC
p= 0.002). Thus, inhibiting neurotransmission from PV+
GABAergic neurons of the NAc selectively impairs expres-
sion only of the sensitized component of the locomotor
response to AMPH.
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AMPH-Induced DA Release into the NAc is not Blocked
by Silencing PV+ GABAergic Interneurons of the NAc

Locomotor sensitization is associated with enhanced DA
release in the NAc (Pierce and Kalivas, 1997). Because the
TeLC-expressing mice failed to exhibit locomotor sensitiza-
tion, we wondered whether local inhibition of PV+ neurons
within the NAc changed local extracellular DA release. We
performed microdialysis for DA in the NAc of the cohort of
mice shown in Figure 2d–f that had previously been
sensitized to repeated AMPH injections (Figure 3). At
baseline in the home-cage (-20 to 0 min), DA levels were
slightly but significantly lower in the TeLC mice compared
with the GFP controls (rmANOVA effect of virus:
F1,10= 8.42, po0.016, no significant effects of time or
interaction). More importantly for this study, however, a
single injection of 3 mg/kg AMPH elevated DA levels in both
groups over time (Figure 3; rmANOVA effect of time: F6,60=
9.84, po0.001) and this rise in DA was not different between
mice expressing the GFP or TeLC viruses (effect of virus
F1,10= 0.54, p= 0.48, and no significant time × virus interac-
tion). Furthermore, there were no main effects or significant
interactions for DA metabolites (p-values 40.5;
Supplementary Figure S3). Thus these data indicate that
the reduced locomotor sensitization to AMPH in the mice
with silenced PV+ interneurons in the NAc is not due to an
impairment of AMPH-induced DA release in the NAc.

Inhibition of PV+ Neurons of the NAc Leads to
Hyperactivation of both D1- and D2R+ MSNs

DA released into the NAc acts postsynaptically on neurons to
modulate their firing properties. MSNs are the major output
cells of the NAc, and decreases in their firing rates due to
reduced intrinsic excitability are thought to mediate
behavioral sensitization to psychostimulants (Dong et al,
2006; Hu et al, 2004; Kourrich et al, 2013; Kourrich and
Thomas, 2009). To determine whether the silencing of PV+
neurons in the NAc alters MSN firing following repeated
AMPH, we used induction of the immediate early gene
product Fos as a marker of neurons that were activated
in vivo by AMPH (Graybiel et al, 1990). Similar to previous
studies we found that Fos was induced in the NAc by both
acute and repeated AMPH administration (Figure 4a).
However, we also observed that AMPH administration
induced significantly more cells to express Fos when TeLC
was expressed in PV+ GABAergic interneurons of the NAc
compared with GFP-expressing mice (Figure 4a and b).
Two-way ANOVA showed a significant main effect of
treatment F2,40 = 217.2, po0.001, a significant main effect of
virus F1,40 = 28.62, po0.001, and a significant virus ×
treatment interaction F2,40 = 4.89, p= 0.13. Specifically,
there was significantly more Fos+ induced in the TeLC-
expressing mice compared with the GFP-expressing mice
after either acute (po0.001, n= 9 GFP, 7 TeLC mice) or
repeated AMPH (po0.001, n= 9 mice/virus). Co-
localization analysis revealed that most Fos+ cells did not
co-express the GFP or TeLC viruses (Supplementary
Figure S4), which label the PV+ neuron population,
suggesting that these were likely to be MSNs, which are the
most populous neurons in the NAc.

MSNs expressing the DA D1-receptors (D1R) vs the D2-
type receptors (D2R) have a number of distinct cellular
properties including their synaptic strengths, firing rates, and
projection targets (Gerfen and Surmeier, 2011; Kreitzer,
2009). PV+ GABAergic interneurons are known to synapse
onto both classes of MSNs, and DA depletion has been
shown to enhance synaptic coupling of PV+ interneurons to
D2R MSNs in dorsal striatum, suggesting a mechanism via
DA-dependent PV+ neuron plasticity to alter the balance
between the direct and indirect MSN pathways (Gittis et al,
2011). To determine whether silencing PV+ GABAergic
neurons of the NAc alters the balance in activation of D1R-
or D2R-expressing MSNs, we again used Fos as an indicator
of in vivo neuronal activity; however, now we used multi-
color FISH protocol to colocalize AMPH-induced FosmRNA
with Drd1 and Drd2 expressing MSNs in the NAc.
Consistent with our observations for Fos protein, following
the challenge dose of AMPH in our sensitization procedure,
we found substantial numbers of NAc neurons expressing
Fos mRNA in both the GFP- and TeLC-expressing mice. As
we and others have reported previously (Badiani et al, 1999;
Deng et al, 2010), Fos was induced upon repeated open field
AMPH exposure in both Drd1 and Drd2 expressing MSNs
(Figure 4c). Both the GFP and the TeLC-expressing mice
showed a predominance of Fos expression in the Drd1
population of MSNs (Figure 4d). However there was no
significant difference comparing mice that had GFP vs TeLC
expressed in the PV+ neurons of the NAc in the relative
percentage of Fos expressed in Drd1+ (p= 0.18, GFP vs
TeLC) or Drd2+ (p= 0.61, GFP vs TeLC) MSNs (Figure 4d).
Somewhat surprisingly we also found that a substantial
percentage of Fos+ neurons in the NAc expressed neither
Drd1 nor Drd2, although 88.2± 3.6% (n= 3 mice from
Figure 4d) of the Fos+ neurons co-labeled for Ppp1r1b, which
encodes the MSN marker protein Darpp-32 (Figure 4e).
Although to our knowledge the percentage of MSNs in the
NAc that lack Drd1 or Drd2 has not been rigorously
reported, a recent study using BAC transgenic mice
identified a population of Adora2a+ MSNs in the ventral
and medial shell of the NAc that appear to lack Drd1 and
Drd2 (Gangarossa et al, 2013). Regardless of the identity of
our Drd1/2-lacking MSNs, again the percentage of Fos
induced in this population also did not differ between the
GFP and TeLC-expressing mice (p= 0.88, GFP vs TeLC).
Thus these findings suggest that silencing of synaptic
transmission from PV+ interneurons globally disinhibits all
populations of MSNs in the NAc, consistent with the
reported broad synaptic connectivity of single PV+ inter-
neurons to multiple striatal projection neurons.

AMPH-Induced CPP is Impaired by Silencing PV-
Positive GABAergic Interneurons of the NAc

In addition to their locomotor stimulatory effects, psychos-
timulant drugs of abuse have rewarding properties that can
be measured by their ability to induce CPP (Haggkvist et al,
2009; Mathews et al, 2010). To determine whether neuro-
transmission from PV+ GABAergic interneurons of the NAc
is required for this form of conditioning, we stereotaxically
injected a cohort of female Pvalb-Cre mice with the Cre-
inducible GFP or TeLC viruses in the NAc, and 3 weeks
later mice were tested in AMPH-induced CPP (Figure 5a).

PV+ neurons of the NAc and AMPH-induced behaviors
X Wang et al

960

Neuropsychopharmacology



Two-way ANOVA for the difference in time spent in the
designated drug-paired chamber on the test day compared
with the habituation day revealed a significant virus × drug
interaction (F1, 31= 5.8, p= 0.02; Figure 5b). Mice infected
with GFP developed a significant preference for the AMPH-
vs the saline-paired chamber (p= 0.004). By contrast, mice
expressing TeLC showed no difference in their preference for
the AMPH-paired compared to the saline-paired chamber
(p= 0.65).
A generalized hedonic deficit may contribute to the

deficient expression of the conditioned AMPH reward in
TeLC mice. To exclude this possibility, we took the GFP and
TeLC-expressing mice that had been exposed only to saline
in the CPP procedure and subsequently tested them for
sucrose preference in a two-bottle choice test. A two-way
rmANOVA revealed that both TeLC and GFP-expressing
mice showed a concentration-dependent preference for
sucrose over water (main effect of sucrose concentration:
F1, 15= 18.1, po0.001) and as a control both the GFP and
TeLC groups showed an aversion to quinine (Figure 5c).
However, no significant differences in sucrose preferences
were noted between the viral groups (main effect of virus:
F1,15= 2.76, p= 0.12) or in the concentration × virus interac-
tion (F1, 15= 0.26, p= 0.76). Taken together these data show
synaptic transmission from PV+ neurons of the NAc is
required for AMPH-induced CPP, and we discuss potential
mechanisms below.

DISCUSSION

Although the NAc is well-known to play an important role in
the development and expression of addictive-like behaviors
induced by repeated exposure to psychostimulant drugs of
abuse, the contribution of local NAc interneurons to these
behavioral responses has remained poorly understood. Acute
AMPH administration robustly induces the firing of striatal
PV+ GABAergic interneurons (Wiltschko et al, 2010), and

repeated exposure to psychostimulants drives both molecular
(Deng et al, 2010, 2014) and electrophysiological adaptations
(Winters et al, 2012) in these neurons. To determine if PV+
interneurons play a functionally important role in the
development of addictive-like behaviors induced by repeated
AMPH administration, we used stereotactic delivery of a
TeLC-expressing AAV to silence transmission from these
neurons in adult male and female mice. We found that
silencing transmission from PV+ interneurons of the NAc
selectively blocked the expression of AMPH-induced loco-
motor sensitization and CPP without inhibiting either basal
locomotor activity or the psychomotor activation induced by
acute AMPH administration. These data provide evidence
that PV+ GABAergic interneurons of the NAc are required
for behavioral adaptations induced by psychostimulant drugs
of abuse.

PV+ Interneuron Regulation of MSNs in Locomotor
Sensitization and CPP

Changes in MSN firing underlie the expression of locomotor
sensitization; however, multiple cellular mechanisms con-
tribute to psychostimulant-induced changes in NAc output
(Wolf, 2010). Persistent decreases in intrinsic excitability of
MSNs have been observed following repeated exposure to
both cocaine and AMPH, and experimentally decreasing
MSN intrinsic excitability is sufficient to induce a sensitized-
like locomotor state (Dong et al, 2006; Kourrich et al, 2013;
Kourrich and Thomas, 2009). Locomotor sensitization is also
associated with increased release of DA from VTA terminals
in the NAc, which then acts on MSNs to alter their
excitability (Pierce and Kalivas, 1997). Our data now add a
role for local circuit interneurons in this network. PV+
GABAergic interneurons make multiple, strong inhibitory
synapses onto the somata and proximal dendrites of both
D1R- and D2R-expressing MSNs (Gittis et al, 2011, 2010).
Despite their small numbers in the striatum (~1–5% of
all cells) (Kawaguchi et al, 1995; Tepper and Bolam, 2004),

Figure 5 Silencing transmission from PV+ GABAergic interneurons of the NAc impairs AMPH-induced conditioned place preference but not sucrose
reward. (a) Diagram showing the CPP procedure used in this study. Sal, saline; AMPH, 2 mg/kg AMPH (i.p.). P designates delivery of Sal or AMPH in the
assigned ‘drug-paired’ chamber, and NP designates delivery of Sal or AMPH in the opposite, ‘non-paired’ chamber. (b) Difference in time spent in the assigned
‘drug-paired’ chamber (sec) after repeated pairing with either saline or AMPH (2 mg/kg, i.p.) compared with time spent in the same chamber during
acclimation. n= 10 mice/virus (GFP, TeLC) and 10 mice/treatment-condition (Sal, AMPH). *po0.05, GFP mice treated with AMPH vs Sal; #po0.05, AMPH
treated mice, expressing GFP vs TeLC. (c) Two bottle choice test showing preference for drinking sucrose or quinine at the concentrations noted compared
with water. n= 10 mice/virus.
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PV+ interneurons account for up to 15–30% of all
GABAergic synapses onto MSNs (Guzman et al, 2003).
Activation of PV+ interneurons leads to profound feedfor-
ward inhibition in striatal circuits, such that even a single
action potential fired in a PV+ interneuron can significantly
decrease firing of its target MSNs (Koos and Tepper, 1999).
Consistent with a physiological function for this PV+
interneuron-mediated MSN inhibition in locomotor sensiti-
zation to repeated AMPH exposure, we found that silencing
transmission from PV+ interneurons resulted in increased
expression of the cellular activity marker Fos in both D1R-
and D2R-expressing MSNs of the NAc (Figure 4). This effect
appears to be mediated by direct inhibition of MSNs rather
than by indirect regulation of DA-dependent MSN excit-
ability because silencing PV+ interneurons had no effect on
AMPH-induced DA release (Figure 3). We did find lower
basal levels of DA in the TeLC-expressing mice, which we
interpret as likely to arise as a consequence of the failure of
these mice to sensitize, given that elevated DA levels are
detected in the NAc following sensitization (Pierce and
Kalivas, 1997). Although it is feasible that chronic PV+
neuron silencing in the NAc could reduce basal but not
AMPH-induced DA release and induce chronic MSN
adaptations that underlie the sensitization failure, a cellular
mechanism for this regulation would be complex and is not
known. Notably in addition to the PV+ population of
GABAergic interneurons, somatostatin-positive, low-
threshold spiking interneurons are also found in the NAc,
where they also make strong inhibitory synapses onto MSNs
(Tepper and Bolam, 2004); however, their function in
locomotor sensitization remains to be determined.
In addition to blocking locomotor sensitization we found

that silencing neurotransmission from PV+ GABAergic
interneurons of the NAc also impaired AMPH-induced
CPP. A similar positive regulatory role in psychostimulant-
induced CPP has also been ascribed to the choline
acetyltransferase (ChAT)+ interneuron population of the
NAc (Witten et al, 2010). Although these neurons use ACh
as a neurotransmitter, optogenetic stimulation of ChAT+
neurons has been found to enhance GABAergic IPSCs
recorded from MSNs, suggesting that the net effect of ChAT
+ interneuron firing in striatal circuits is MSN inhibition. In
vivo optogenetic inhibition of ChAT+ interneurons was
associated with increased MSN firing, and when ChAT+
neurons were silenced during the conditioning phase of a
cocaine CPP procedure, mice failed to show cocaine-
conditioned chamber preference. Taken together, both of
these studies suggest that the suppression of NAc output may
be required for reward-induced conditioning. Notably our
data also show that impaired inhibition in the NAc is not
associated with a general hedonic deficit as determined by
sucrose preference, suggesting that the inhibition of MSN
firing is more important for pairing the reward with a
location or an action rather than encoding the reward itself.

AMPH-Induced Plasticity of PV+ Interneurons?

The data presented here raise the question of whether and
how AMPH-induced changes in the function of PV+
interneurons contribute to the development of locomotor
sensitization and CPP. Chronic cocaine exposure has been
shown to drive an increase in intrinsic excitability of FSIs in

the NAc, which could feed forward to enhance MSN
inhibition (Winters et al, 2012). PV+ interneurons of the
NAc are subject to AMPH-induced changes in expression of
Fos and regulation of the methyl-DNA-binding protein
MeCP2, suggesting that they could experience long-lasting
changes in gene expression (Deng et al, 2010, 2014). One
stimulus-regulated gene product that has the potential to
have direct effects on PV+ interneuron function as well as
indirect effects on local microcircuits is PV itself (Donato
et al, 2013). FSIs from Pvalb knockout mice display increased
excitability compared with wild-type mice and they show
altered frequency-dependent short-term plasticity at FSI-
MSN synapses (Orduz et al, 2013). These data suggest a
model in which stimulus-induced molecular adaptations of
local striatal PV+ interneurons could impact striatally guided
behaviors by broadly modulating the extent and/or timing of
MSN population responses. Future studies that identify
AMPH-induced programs of gene regulation in PV+
interneurons will expand our understanding of this plasticity
mechanism.
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