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The medial prefrontal cortex (mPFC) is implicated in anxiety-like behaviour. In rodent models, perturbations of mPFC
neuronal activity through pharmacological manipulations, optogenetic activation of mPFC neurons or cell-type speciﬁc
pharmacogenetic inhibition of somatostatin interneurons indicate conﬂicting effects on anxiety-like behaviour. In the
present study we examined the effects of pharmacogenetic activation of Ca2?/calmodulin-dependent protein kinase a
(CamKIIa)-positive excitatory neurons on anxiety-like behaviour. We used clozapine-N-oxide (CNO) to pharmacogenetically activate virally delivered CamKIIa-hM3Dq-DREADD in mPFC excitatory neurons. The effects of acute CNO or
vehicle treatment on anxiety-like behaviour in the open ﬁeld and elevated plus maze tests were examined in rats virally
infected with either CamKIIa-hM3Dq-DREADD or CamKIIa-GFP. In addition, the effects of acute CNO treatment on the
expression of the neuronal activity marker c-Fos were examined in the mPFC as well as downstream target neuronal circuits
using immunohistochemistry. Acute pharmacogenetic activation of mPFC excitatory neurons evoked a signiﬁcant decrease
in anxiety-like behaviour selectively on the elevated plus maze task, but not the open ﬁeld test. Acute CNO treatment
resulted in enhanced c-Fos-immunopositive cell number in the infralimbic, prelimbic and cingulate subdivisions of the
mPFC. This was also accompanied by enhanced c-Fos-immunopositive cell number in multiple downstream circuits of the
mPFC in CNO-treated hM3Dq animals. Acute pharmacogenetic activation of mPFC excitatory neurons reduces anxietylike behaviour in a task-speciﬁc fashion accompanied by enhanced c-Fos expression in the mPFC and multiple target
circuits implicated in the regulation of anxiety-like behaviour.
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1. Introduction
Altered neurotransmission within the medial prefrontal cortex (mPFC), a key cortical region that mediates top-down
control of executive function, cognition, attention and
emotional processing (Etkin et al. 2011; Euston et al. 2012),
has been implicated in the pathogenesis of several psychiatric disorders, including anxiety disorders (Davidson 2002;
Tovote et al. 2015). In rodents, the mPFC is subdivided into
the infralimbic (IL), prelimbic (PrL) and cingulate (Cg)
cortices, and has been the focus of several studies examining
effects of mPFC activation and inactivation on anxiety-like
behaviour (Calhoon and Tye 2015). These studies have
involved pharmacological infusion of glutamatergic and
GABAergic agonists/antagonists (Shah et al. 2004; Bi et al.
2013), and more recently have employed optogenetic
(Covington et al. 2010; Wang et al. 2015) and

pharmacogenetic (Soumier and Sibille 2014) strategies to
modulate mPFC neuronal activity. Silencing mPFC activity
via infusion of the GABAA receptor agonist muscimol
decreases anxiety-like behaviour (Shah et al. 2004), whereas
infusion of the selective GABAA receptor antagonist bicuculline evokes increased anxiety-like behaviour in the elevated plus maze (EPM) (Bi et al. 2013). However, studies
with glutamatergic agonists and antagonists provide conﬂicting evidence of the role of mPFC activation on anxietylike behaviour. Previous studies have shown that a-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or Nmethyl-D-aspartate (NMDA) receptor antagonist infusions
into the mPFC lead to decreased anxiety-like behavioural
responses (Dunn et al. 1989; Corbett and Dunn 1993). In
contrast, reports also reveal increased anxiety-like behaviour
following AMPA receptor antagonist infusions into the
mPFC (Karcz-Kubicha and Liljequist 1995; Kotlinska and
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Liljequist 1998). These conﬂicting ﬁndings, arising from
studies based on pharmacological perturbations of mPFC
activity, may be a consequence of differential effects on
distinct neuronal cell types and subdivisions within the
mPFC, and through their downstream projections.
In vivo recording in live behaving mice revealed a strong
correlation of mPFC single-unit activity with anxiety-like
behaviour in the EPM (Adhikari et al. 2010; Adhikari et al.
2011). More recently, circuit and cell-type speciﬁc manipulations using both optogenetics and Designer Receptors
Exclusively Activated by Designer Drugs (DREADDs) have
provided novel insights into the role of the mPFC in modulation of anxiety behaviour. While optogenetic activation of
the mPFC using channelrhodopsin (ChR) has antidepressant-like effects, it does not alter anxiety-like behaviour
when expressed under the control of a constitutive eIF4/5
promoter (Covington et al. 2010), but has been reported to
reduce anxiety-like behaviour in a chronic inﬂammatory
pain model when expressed in excitatory neurons of the
mPFC (Wang et al. 2015). Further, cell-type speciﬁc acute
pharmacogenetic inactivation of somatostatin-positive inhibitory neurons within the mPFC using the hM4Di DREADD
increased anxiety-like behaviour on speciﬁc tasks (Soumier
and Sibille 2014).
In the present study, we have used a pharmacogenetic
approach using the hM3Dq DREADD to investigate the
effects of acute activation of Ca2?/calmodulin-dependent
protein kinase a (CamKIIa)-positive excitatory neurons
within the mPFC on anxiety-like behaviour in rats. We ﬁnd
that acute activation of mPFC excitatory neurons evoked
enhanced anxiety-like behaviour in a task speciﬁc fashion,
with a decline in anxiety-like behaviour noted on the elevated plus maze (EPM) task and no signiﬁcant change
observed in behavioural responses on the open ﬁeld test
(OFT). Acute DREADD-mediated activation of mPFC
excitatory neurons was also conﬁrmed by an enhanced
expression of the neuronal activity marker c-Fos, which
showed a signiﬁcant increase in expression within all subdivisions of the mPFC. Further, c-Fos expression was also
enhanced in speciﬁc brain regions implicated in the modulation of anxiety-like behaviour and known to receive mPFC
innervation. Our results indicate that acute activation of
excitatory neurons within the mPFC evokes anxiolytic
responses in a behavioural task-dependent manner.

2. Experimental procedures
2.1

Animals

Adult male Sprague–Dawley rats (4–5 months) bred in the
Tata Institute of Fundamental Research (TIFR) animal
facility were used for all experiments. Animals were maintained on a 12 h light–dark cycle and were provided

ad libitum access to food and water. All experimental procedures followed the guidelines of the Committee for
Supervision and Care of Experimental Animals (CPCSEA),
Government of India, and were approved by the TIFR
Institutional Animal Ethics committee.

2.2

Viral vectors and stereotactic surgery

Adeno-associated viral vectors (AAV2-CamKIIa-GFP;
AAV2-CamKIIa-HA-hM3Dq-IRES-mCitrine)
were
obtained from the University of North Carolina vector core
facility (Raleigh, North Carolina, USA). For stereotactic
surgical experiments animals were anesthetized with isoﬂurane prior to placement in a stereotaxic apparatus (Stoelting
Physiology Instruments, USA). Animals received bilateral
injections of adeno-associated virus, AAV2-CamKIIa-GFP
(1 lL, titer * 1013 GC/mL) or AAV2-CamKIIa-HAhM3Dq-IRES-mCitrine (1 lL, titer * 1012 GC/mL) into
the mPFC through an infusion pump (Harvard apparatus,
PHD 2000) at a ﬂow rate of 100 nL/min. AAV injections
into the mPFC were performed at the following stereotactic
coordinates: anteroposterior: ? 2.80 mm, mediolateral: ± 0.6 mm and dorsoventral: - 4 mm from Bregma
(Paxinos and Watson 1998). After injection, the needle was
left in place for another 10 minutes and withdrawn slowly.
The incision was sutured and animals were returned to their
home cage following recovery from anesthesia. All animals
were allowed to recover for 3–4 weeks before behavioural
testing.

2.3

Drug treatment and behavioural tests

The experimental design had four groups, namely: AAVGFP treated with vehicle (n = 10), AAV-GFP treated with
Clozapine-N-oxide (CNO; n = 9), AAV-hM3Dq treated
with vehicle (n = 7) and AAV-hM3Dq treated with CNO
(n = 9). Animals received intra-peritoneal (i.p.) injections of
vehicle (0.9% saline) or CNO (2 mg/kg, Tocris, UK) 30
minutes prior to behavioural testing. All behavioural tests
were carried out during the light phase and were performed
in a dimly lit room. For the open ﬁeld test, animals were
released into one corner of the OFT arena
(100 cm 9 100 cm 9 70 cm) and automated behavioural
tracking was performed for ﬁfteen minutes. Total distance
traversed in the OFT arena, percent distance travelled and
percent time spent in the centre, and number of entries into
the center of the OFT arena were determined. Following a
2-week washout period post testing on the OFT, animals
received either vehicle or CNO (2 mg/kg) and were subjected to behavioural testing on the elevated plus maze
(EPM) task 30 min post drug or vehicle administration. The
EPM task involved a ten-minute exposure to a platform
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elevated 50 cm above the ground with two closed and two
open arms (45 cm 9 10 cm). Total distance traversed in the
OFT arena, percent distance travelled and percent time spent
in the center, and number of entries into the center of the
OFT arena were calculated.

2.4

Immunostaining

On completion of the behavioural analysis, all experimental
groups went through a 2-week washout period prior to
treatment with CNO (2 mg/kg) or vehicle, and were sacriﬁced 2 h later through transcardial perfusion with saline
followed by 4% paraformaldehyde. Serial coronal sections
(40 lm) were generated using a vibratome (Leica, Wetzlar,
Germany). For the detection of AAV2-CamKIIa-HAhM3Dq-IRES-mCitrine, sections were subjected to blocking
solution (10% horse serum in 0.1 M phosphate buffer (PB)
with 0.1% Triton X-100) followed by incubation with the
primary antibody, biotinylated rabbit anti-GFP (1:500;
Abcam, ab6658, USA). Sections were then exposed to
streptavidin Alexa Flour 488 conjugate (1:250; Invitrogen,
S11223, USA) and mounted on slides with Vectashield
hardset mounting medium (Vector Laboratories, USA) prior
to imaging. To detect AAV2-CamKIIa-GFP, we directly
performed epiﬂourescence imaging without GFP antibody
staining. For c-Fos immuhistochemistry, sections were
blocked, followed by incubation with rabbit anti-c-Fos primary antibody (1:1000, Cell Signaling Technology, #2250,
USA). Following washes in 0.1 M PB, sections were incubated with a biotinylated horse anti-rabbit secondary antibody (1:250, Vector Laboratories, BA-1100) followed by
ampliﬁcation using the avidin-biotin system (Vector Laboratories, PK-6100) and visualization with the substrate
diaminobenzidine (ImmPACT DAB, Vector Laboratories,
SK-4105).

2.5

Cell counting analysis

To estimate the degree of spread of expression of AAV2CamKIIa-HA-hM3Dq-IRES-mCitrine within the mPFC, the
number of mCitrine-positive neurons were counted in the
subdivisions of the mPFC prelimbic (PrL), infralimbic (IL)
and cingulate (Cg) cortices. The results were expressed as
the number of mCitrine-positive cells per section. All
quantitative analysis of c-Fos-positive cell numbers was
performed on coded sections by an experimenter blind to the
code. For c-Fos quantiﬁcation within the mPFC subﬁelds,
sections spanned the rostro-caudal extent of the mPFC and
every ﬁfth section was processed for c-Fos quantiﬁcation. To
determine c-Fos-positive cell number in the PrL, IL and Cg
subﬁelds of the mPFC, the number of c-Fos-positive cells
was counted (six sections/animal) and results were expressed
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as the number of c-Fos-positive cells per section. Neuronal
activation of downstream target circuits of the mPFC was
assessed by determining c-Fos-positive cell number within
the claustrum, nucleus accumbens, lateral septum, bed
nucleus of the stria terminalis (BNST) and amygdala (basolateral and central nuclei combined), that are known to
receive mPFC efferents. The presence of mPFC projections
in these brain regions was conﬁrmed by examining the
presence of GFP-positive nerve terminals due to the
anterograde trafﬁcking of the AAV-GFP. Quantitative analysis of c-Fos-positive cell numbers was also performed
within the hippocampal subﬁelds of the CA1, CA3 and
granule cell layer of the dentate gyrus (DG) as it is implicated in the modulation of anxiety-like behaviour. The
number of c-Fos-positive cells was counted (six sections/
animal) and results were expressed as the number of c-Fospositive cells per section in each brain region analyzed.
Quantiﬁcation of c-Fos-positive cell number and was performed using a Zeiss Axioskop at a magniﬁcation of 200X.

2.6

Statistical analysis

Experiments with four groups were analyzed using two-way
Analysis of Variance (ANOVA) followed by Bonferroni post
hoc analysis (GraphPad Prism, Graphpad Software Inc.,
California, USA). Experiments with two groups were analysed using two-tailed unpaired Student’s t-test (Instat,
Graphpad Software Inc.). Data are expressed as mean ± standard error of mean (S.E.M) and statistical signiﬁcance
was determined at p \ 0.05.

3. Results
3.1

Expression of AAV-hM3Dq DREADD in the mPFC

We bilaterally injected AAV2-CamKIIa-GFP and AAV2CamKIIa-HA-hM3Dq-IRES-mCitrine into the PrL subdivision of the medial prefrontal cortex (mPFC) of adult rats to
drive expression in Ca2?/calmodulin-dependent protein
kinase a (CamKIIa) excitatory neurons (ﬁgure 1A). Epiﬂuorescence microscopy indicated robust expression of GFPpositive cells within AAV-GFP injected controls (not shown)
and mCitrine-positive cells within AAV-hM3Dq injected
animals (ﬁgure 1B, D) in the mPFC. Quantitative analysis
revealed high expression of mCitrine labeled AAV-hM3Dqpositive neurons predominantly within the prelimbic (PrL)
subdivision of the mPFC, with relatively lower numbers of
mCitrine-labelled AAV-hM3Dq positive cells also noted in
the cingulate (Cg) cortex (ﬁgure 1C). In the infralimbic (IL)
cortex very few mCitrine positive cells were observed. We
observed a signiﬁcant increase in mCitrine-labelled AAVhM3Dq positive cells in the PrL as compared to both the IL
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and Cg (ﬁgure 1C, One-way ANOVA followed by post hoc
Bonferroni analysis, p \ 0.05, n = 16). This indicates that
the viral infusions across all animals primarily drove
expression of AAV2-CamKIIa-HA-hM3Dq-IRES-mCitrine
within the PrL, with limited spread to the Cg, and hardly any
infection noted in the IL subdivision of the mPFC.

3.2 Acute hM3Dq DREADD activation of mPFC
excitatory neurons evokes reduced anxiety-like behaviour
in the elevated plus maze, but not the open ﬁeld test
We examined the inﬂuence of acute clozapine-N-oxide
(CNO)-mediated hM3Dq Designer Receptors Exclusively
Activated by Designer Drugs (DREADD) activation of
mPFC excitatory neurons on anxiety-like behaviour using
the open ﬁeld (OFT) and the elevated plus maze (EPM)
behavioural tests (ﬁgure 2A). The behavioural tests were
performed thirty minutes after CNO (2 mg/kg) administration with a 2-week washout period between the open ﬁeld
and the elevated plus maze tasks (ﬁgure 2A). In the OFT
(ﬁgure 2B) we did not observe any signiﬁcant change in the

percent distance travelled in the center (ﬁgure 2C, two-way
ANOVA: interaction effect, F1, 30 = 0.56, p = 0.46,
n = 7–10/group), the percent time spent in the center (ﬁgure 2D, two-way ANOVA: interaction effect, F1, 30 = 0.4,
p = 0.53, n = 7–10/group), or the number of entries into
the center (ﬁgure 2E, two-way ANOVA: interaction effect,
F1, 30 = 0.01, p = 0.91, n = 7–10/group). The total distance travelled in the open ﬁeld arena was also unaltered
across all four experimental groups (ﬁgure 2F, two-way
ANOVA: interaction effect, F1, 30 = 4.14, p = 0.051,
n = 7–10/group). Two-way ANOVA analysis indicated no
main effect of AAV-hM3Dq infection, CNO treatment or
signiﬁcant interaction.
Acute CNO-mediated hM3Dq DREADD activation of
mPFC excitatory neurons evoked signiﬁcant decreases in
anxiety-like behaviour on the EPM task (ﬁgure 2G-K). We
observed a signiﬁcant increase in the percent distance traveled in the open arms (ﬁgure 2H; two-way ANOVA: interaction effect, F1, 30 = 5.73, p = 0.02, n = 7–10/group). We
also noted an increase in the percent time spent in the open
arms of the EPM, which did not reach statistical signiﬁcance
but exhibited a strong trend (ﬁgure 2I, two-way ANOVA:

Figure 1. Selective expression of hM3Dq DREADD in excitatory neurons in the mPFC. (A) A schematic of a coronal section of the
mPFC illustrates the site of viral injection targeting the PrL subdivision. Shown are representative bright-ﬁeld, ﬂuorescence and overlay
images (B) of AAV2-CamKIIa-HA-hM3Dq-IRES-mCitrine-positive neurons primarily restricted to the PrL subdivision, with minimal
infection also observed in the Cg subdivision of the mPFC. Quantiﬁcation of mCitrine-positive cell numbers within the mPFC indicating
maximum expression in the PrL, and relatively fewer infected neurons in the Cg and IL subdivisions of the mPFC (C) (n = 16). Shown
(D) are the representative high-magnifcation images of AAV2-CamKIIa-HA-hM3Dq-IRES-mCitrine infected neurons. *p \ 0.05, number
of mCitrine-positive cell numbers in the PrL as compared to Cg and IL. One-way ANOVA followed by Bonferroni post-hoc multiple
comparisons.
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interaction
effect,
F1,
p = 0.07,
30 = 3.66,
n = 7–10/group). The number of entries into the open arms
of the EPM did not differ across the four experimental
groups (ﬁgure 2 J, two-way ANOVA: interaction effect,
F1, 30 = 0.21, p = 0.65, n = 7–10/group). We also
observed a two-way interaction effect on the total distance
traveled in the EPM (ﬁgure 2 K, two-way ANOVA: interaction effect, F1, 30 = 5.86, p = 0.02, n = 7–10/group).
Taken together, these ﬁndings indicate that acute hM3Dq
DREADD activation of excitatory mPFC neurons results in
decreased anxiety-like responses that are noted in a behavioural task dependent manner, with a decline in anxiety-like
behaviour observed on the EPM, but not the OFT task.

3.3 Acute CNO-mediated hM3Dq activation of mPFC
neurons enhances c-Fos expression in mPFC
subdivisions
We next examined the consequences of hM3Dq-DREADD
activation through administration of CNO (2 mg/kg) on
neuronal activity in the mPFC, by determining the
immunohistochemical expression of the immediate-early
gene marker, c-Fos (ﬁgure 3A). All experimental groups had
a 2 week washout period post behavioural testing and prior to
acute CNO treatment and processing for c-Fos immunohistochemistry. Two-way ANOVA and post hoc Bonferroni tests
revealed that hM3Dq DREADD activation results in a signiﬁcant induction of the neuronal activity marker c-Fos
within all three subdivisions of the mPFC, despite the fact
that the viral infection was primarily restricted to the PrL
subdivision. Two hours after CNO administration we
observed a signiﬁcant and robust induction of c-Fos expression in the CNO-treated AAV-hM3Dq experimental group
within the PrL cortex (ﬁgure 3D; two-way ANOVA: interaction effect, F1, 25 = 11.15, p = 0.003, n = 5–9/group), the
IL cortex (ﬁgure 3E, two-way ANOVA: interaction effect,
F1, 25 = 10.15, p = 0.004, n = 5–9/group) and Cg cortex
(ﬁgure 3F,
two-way
ANOVA:
interaction
effect,
F1, 25 = 5.72, p = 0.02, n = 5–9/group). These results
conﬁrm that acute CNO-mediated hM3Dq activation
enhances neuronal activity within all subdivisions of the
mPFC as revealed by the robust induction of the neuronal
activity marker c-Fos within 2 h of CNO treatment.

3.4 Acute CNO-mediated hM3Dq activation of mPFC
neurons is associated with enhanced c-Fos expression
in multiple downstream target circuits
We next sought to take advantage of the anterograde trafﬁcking of the AAV-GFP and AAV-hM3Dq virus to examine
downstream target circuits that receive mPFC innervation.
Based on epiﬂuorescent identiﬁcation of mPFC projections
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(supplementary ﬁgure 1), we selected speciﬁc downstream
target circuits, namely the claustrum, nucleus accumbens,
lateral septum, bed nucleus of the stria terminalis (BNST),
and amygdala for further analysis. Although we did not
observe any GFP-positive nerve terminals within the hippocampal subﬁelds, we chose to quantify c-Fos-positive cell
numbers given its role in the modulation of anxiety-like
behaviour (Adhikari et al. 2010). We examined whether
acute CNO-mediated hM3Dq activation of mPFC neurons
alters neuronal activation patterns in these downstream target
circuits using immunohistochemical analysis of the neuronal
activity marker, c-Fos. As we noted no effect of CNO
treatment in the AAV-GFP group on either anxiety-related
behaviour (ﬁgure 2) or c-Fos expression the mPFC subﬁelds
(ﬁgure 3), further processing of tissue for c-Fos immunohistochemistry in downstream target regions of the mPFC
was restricted to the AAV-hM3Dq ? Vehicle and AAVhM3Dq ? CNO groups. We noted a signiﬁcant increase in
c-Fos expression in the claustrum (ﬁgure 4A; p = 0.002),
lateral septum (ﬁgure 4C; p = 0.046), BNST (ﬁgure 4D;
p = 0.004) and amygdala (ﬁgure 4E; p = 0.04) of CNOtreated AAV-hM3Dq animals as compared to the vehicletreated AAV-hM3Dq group. The number of c-Fos-positive
cells was not signiﬁcantly altered in the nucleus accumbens
(ﬁgure 4B; p = 0.09) two hours post CNO-mediated
hM3Dq DREADD activation of mPFC neurons. Within the
hippocampus, we noted a hippocampal subﬁeld speciﬁc
change in c-Fos-positive cell number restricted to the CA1
subﬁeld (ﬁgure 4F; p = 0.003) and no change in c-Fos
expression in the CA3 and granule cell layer of the dentate
gyrus subﬁeld (ﬁgure 4F). These ﬁndings indicate that acute
CNO-mediated hM3Dq activation of mPFC neurons is
accompanied by enhanced neuronal activity in multiple
downstream target circuits of the mPFC.

4. Discussion
Our ﬁndings provide novel evidence that acute pharmacogenetic activation of CamKIIa-positive excitatory neurons in
the mPFC evokes reduced anxiety-like behavioural responses
in a behavioural task-speciﬁc fashion. The mCitrine labeled
AAV-hM3Dq-positive neurons were primarily restricted to
the PrL, with minimal spillover to the Cg and very few cells
noted in the IL. Despite, the relatively restricted pattern of
AAV-hM3Dq, CNO-mediated DREADD activation resulted
in enhanced neuronal activity within all subdivisions of the
mPFC, as assessed through expression of the neuronal
activity marker, c-Fos. We also noted that concomitant with
the increase in c-Fos expression in the mPFC were enhanced
c-Fos-positive cell numbers in several downstream circuits,
including the BNST, lateral septum, amygdala and the CA1
hippocampal subﬁeld, brain regions implicated in the modulation of anxiety-like behaviour.
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Figure 2. Acute activation of excitatory neurons in the mPFC decreases anxiety-like behaviour in the elevated plus maze, but not the open
ﬁeld test. (A) Shown is a schematic representation of the experimental design. Animals (age: 4–5 months; n = 10/group) received bilateral
stereotactic injections of AAV2-CamKIIa-GFP (AAV-GFP) or AAV2-CamKIIa-HA-hM3Dq-IRES-mCitrine (AAV-hM3Dq) into the
mPFC. Post recovery for 4 weeks, AAV-GFP and AAV-hM3Dq animals received vehicle or acute CNO (2 mg/kg), and were assayed for
anxiety-like behaviour on the open ﬁeld test (OFT) and the elevated plus maze (EPM) 30 min post injection. (B) Shown are representative
OFT tracks from AAV-GFP and AAV-hM3Dq animals that received either vehicle or acute CNO. Vehicle and CNO-treated AAV-GFP and
AAV-hM3Dq animals did not exhibit any signiﬁcant alteration in anxiety-like behaviour on the OFT, with no signiﬁcant change noted in the
percent distance traveled (C), percent time spent (D) and number of entries (E) to the centre of the OFT arena. Total distance traversed in
the OFT also did not differ across treatment groups (F). (G) Shown are representative EPM tracks from AAV-GFP and AAV-hM3Dq
animals that received either vehicle or acute CNO. CNO-treated AAV-hM3Dq animals exhibited a decrease in anxiety-like behaviour on the
EPM task, with an increase noted in the percent distance traveled (H) and the percent time spent (I) in the open arms of the EPM. The
number of entries to the open arms was unaltered across all treatment groups (J). Total distance traversed in the EPM did showed a two-way
ANOVA interaction between AAV-hM3Dq and CNO treatment, with a decline in total distance traversed noted in the CNO-treated AAVhM3Dq animals (K). Results are expressed as the mean ± S.E.M. (n = 7–10/group). *p \ 0.05, as compared to vehicle-treated AAVhM3Dq; $p = 0.06, as compared to vehicle-treated AAV-hM3Dq (two-way ANOVA and Bonferroni post hoc test).
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4.1 Regulation of anxiety-like behaviour by modulation
of mPFC neuronal activity
Clinical studies have linked altered prefrontal cortical
activity to anticipatory and trait anxiety (Simpson et al.
2001; Straube et al. 2009) and have also reported mPFC
hypoactivity in patients with anxiety disorders (Zhao et al.
2007). Preclinical studies based on electrolytic (Maaswinkel
et al. 1996) and excitotoxic lesions (Lacroix et al. 1998;
Sullivan and Gratton 2002) of the mPFC indicate either a
decline or no change in anxiety-like behaviour in rodent
models, but are hampered in the interpretation of their
ﬁndings by the broad nature of lesions and differences in
lesioning and behavioural protocols. Pharmacological infusion studies into the mPFC indicate that GABAA agonists
decrease anxiety-like behaviour (Shah et al. 2004), whereas
GABAA receptor antagonists evoke increased anxiety-like
behaviour (Bi et al. 2013). These studies suggest that a
reduction in mPFC activity is linked to decreased anxietylike behaviour, and vice versa. However, our ﬁndings differ
from these pharmacological studies (Shah et al. 2004; Bi
et al. 2013), wherein we observe that pharmacogenetic
induction of mPFC activity results in decreased anxiety-like
behaviour. Studies using pharmacological infusion of AMPA
receptor antagonists suggest discrepancies across observations with both reduced anxiety-like behaviour (Kotlinska
and Liljequist 1998), as well as enhanced anxiety-like
behavioural (Karcz-Kubicha and Liljequist 1995) responses
noted. It is difﬁcult to draw a direct comparison between our
results and those previously reported based on pharmacological infusion (Shah et al. 2004; Calhoon and Tye 2015),
as the inﬂuence on speciﬁc neuronal populations within the
mPFC, and as a result, the eventual differential impact on
regulation of downstream target circuits is likely to be quite
distinct across these different experimental paradigms.
Optogenetic and pharmacogenetic approaches allow for
the possibility of understanding the contribution of distinct
neuronal cell types within the mPFC (Packer et al. 2013;
Riga et al. 2014; Urban and Roth 2015) and the effects of
modulation of their activity on anxiety-like behaviour, which
was not possible based on lesion and pharmacological
studies. A previous study using the constitutive eIF4/5
promoter to drive ChR in different cell types of the mPFC
evoked antidepressant-like behavioural effects, but had no
impact on anxiety-like behaviour in the EPM (Covington
et al. 2010). While our results differ from this prior report,
they are in agreement with another optogenetic study performed in the background of a chronic inﬂammatory pain
model (Wang et al. 2015). In this model that is associated
with increased anxiety-like behaviour, optogenetic activation
of CamKIIa-positive excitatory neurons within the PrL
subdivision of the mPFC results in a robust decrease in
anxiety-like behaviour. In contrast, optogenetic inhibition of
CamKIIa-positive excitatory neurons results in increased
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anxiety-like behavioural responses (Wang et al. 2015). Our
study is in agreement with the observation that acute
increase in neuronal activity of CamKIIa-positive excitatory
neurons in the mPFC evokes decreased anxiety-like behavioural responses on the EPM, although our results differ on
observations in the open ﬁeld task. A point to note while
comparing results across these studies is that our experiments assess the effects of activation of mPFC excitatory
neurons on innate anxiety behaviour in naı̈ve rats, and the
Wang et al. study involves a mouse model of chronic
inﬂammatory pain that may model pathological anxiety. As
per a recent study CNO-mediated neuronal activation of
DREADDs can have potential off-target effects by the
metabolite clozapine (Gomez et al. 2017). However, given
our control groups with vehicle or CNO injected AAV-GFP
animals did not show any behavioural alterations in any of
the anxiety-like behavioural tasks, this suggests that it is
unlikely that our behavioural effects of CNO in AAVhM3Dq animals arise due to non-speciﬁc CNO metabolite
evoked effects.
A recent study on the acute pharmacogenetic inhibition of
somatostatin (SST)-positive inhibitory interneurons indicated an increase in anxiety-like behaviour in the EPM and
cookie test, but not the OFT (Soumier and Sibille 2014).
SST interneurons have been shown to project onto other
inhibitory interneurons, thus inﬂuencing overall inhibition
(Pfeffer et al. 2013; Xu et al. 2013). Further, they receive
inputs from excitatory cortical neurons and target the dendritic arbors of excitatory neurons contributing to feed-back
inhibition (Boehm and Betz 1997; Dumitriu et al. 2007). It is
difﬁcult to conclude whether pharmacogenetic inhibition of
SST neurons would disinhibit other interneurons, and thus
overall increasing inhibitory tone in the mPFC, or through a
decline in dendritic inhibition predispose excitatory mPFC
neurons towards neuronal activation. Our results are in
keeping with the former interpretation of pharmacogenetic
silencing of SST neurons enhancing overall mPFC inhibition, suggesting that increased inhibitory tone in the mPFC
generates enhanced anxiety-like behavioural responses, and
we ﬁnd that enhanced activity of mPFC excitatory neurons
results in decreased anxiety-like behaviour. However, to gain
a detailed understanding of the contribution of multiple
neuronal cell types within the mPFC to anxiety-like behaviour several additional studies are required before coming
to a conclusion.

4.2 Behavioural task speciﬁc effects of DREADDmediated activation of mPFC excitatory neurons
The OFT and EPM are two of the most widely used behavioural assays to assess anxiety-like behaviour. Our results
revealed that while enhanced neuronal activity of mPFC
excitatory neurons leads to decreases in anxiety-like
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Figure 3. Enhanced c-Fos expression in subﬁelds of the mPFC following acute hM3Dq DREADD activation of mPFC excitatory
neurons. (A) Shown is a schematic representation of experimental design. Quantitative analysis was performed to determine c-Fosimmunopositive cell numbers within the three subﬁelds of the mPFC (B), namely the prelimbic cortex (PrL), infralimbic cortex (IL) and
cingulate cortices (Cg). Shown are representative brightﬁeld images of c-Fos-immunopositive cells within the PrL (scale bar = 50 lm) of
vehicle- and CNO-treated AAV-GFP and AAV-hM3Dq animals (C). Quantitative analysis revealed signiﬁcant increases in c-Fosimmunopositive cell numbers within the PrL (D), IL (E) and Cg (F) of CNO-treated AAV-hM3Dq animals. Results are expressed as the
mean ± S.E.M. c-Fos-positive cells per section (n = 5–9/group). *p \ 0.05, as compared to vehicle-treated AAV-hM3Dq (two-way
ANOVA and Bonferroni post hoc test).

behaviour in the EPM, it does not alter behavioural
responses in the OFT. Our ﬁndings are in agreement with the
Soumier et al. study which demonstrated that acute pharmacogenetic inhibition of SST interneurons in the mPFC
also evokes an increase in anxiety-like behaviour in the
EPM, but not the OFT (Soumier and Sibille 2014). The EPM
is a conﬂict-based behavioural task wherein the animal
chooses between the inherent drive for exploration and fear

of exposed and elevated spaces, in comparison the OFT is a
relatively neutral task involving an exploratory choice
between the center and periphery of a closed arena (Calhoon
and Tye 2015). Previous studies have reported differences in
the innate anxiety-like behaviour observed in the EPM and
OFT task within the same animal of an inbred strain of mice
(Carola et al. 2002). In this regard we hypothesize that
overlapping as well as distinct neuronal circuits may

Pharmacogenetic mPFC activation regulates anxiety
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Figure 4. Proﬁling of c-Fos expression within multiple brain regions following acute hM3Dq DREADD activation of mPFC excitatory
neurons. Shown are representative brightﬁeld images of c-Fos-immunopositive cells and quantitative analysis of c-Fos immunopositive cell
number in vehicle- and CNO-treated AAV-hM3Dq animals within the claustrum (A), nucleus accumbens (NAc, B), lateral septum (C), bed
nucleus of stria terminalis (BNST, D), amygdala (E) and hippocampal subﬁelds, granule cell layer (GCL) of the DG subﬁeld, CA1 and CA3
(F). Results are expressed as the mean ± S.E.M. c-Fos-positive cells per section (n = 5–9/group). *p \ 0.05, as compared to vehicletreated AAV-hM3Dq (unpaired Student’s t-test).

contribute to the anxiety-like behaviour observed in the
EPM and OFT. In vivo electrophysiological recordings from
behaving animals indicate that neuronal ﬁring of speciﬁc
mPFC single units is tightly correlated with anxiety-like
behaviour in the EPM, with ﬁring of speciﬁc single units
associated with either open arms, closed arms or the center
of the maze (Adhikari et al. 2011). Local ﬁeld potential
recordings suggest that mPFC theta power is linked to
anxiety-like behaviour in the EPM and OFT tasks, with
enhanced power associated with safe zones in the maze and
arena respectively (Adhikari et al. 2010). Further studies are

required to delineate the role of the mPFC as well as other
participating neuronal circuits in the modulation of anxietylike behaviour in diverse behavioural tasks.

4.3 c-Fos activation pattern in the mPFC
and downstream brain regions associated
with decreased anxiety-like behaviour
In our study the viral targeting primarily infected the PrL
subdivision of the mPFC as determined by our quantitative
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analysis of mCitrine positive cell number. Despite this we
also observed a signiﬁcant increase in c-Fos-positive cell
number within the IL and Cg subdivisions of the mPFC.
This extent of activation in response to CNO treatment is
unlikely to arise due to viral spread, rather this is suggestive
of the fact that PrL activation may itself evoke activity
within the adjacent subdivisions of the mPFC through possible interconnections. However, given that CNO treatment
activated the PrL, Cg and IL to relatively similar extents, we
have treated our experiments as pharmacogenetic activation
of all subdivisions of the mPFC. A previous study indicates
that in an animal model of chronic inﬂammatory pain,
optogenetic activation of excitatory neurons in the PrL, but
not the IL or Cg subdivisions of the mPFC, evokes a decline
in anxiety-like behavioural responses (Wang et al. 2015).
Further, DREADD-mediated silencing of SST neurons
within the PrL and Cg subdivisions increased anxiety-like
behaviour in the EPM, but not OFT (Soumier and Sibille
2014). The subdivisions of the mPFC are known to have
differential connectivity and to contribute in a distinct
manner to emotional processing, fear responses and regulation of stress pathways. In this regard, further studies are
required to ascertain the contributions of excitatory neurons
within the distinct subdivisions of the mPFC to anxiety-like
behaviour.
We also carried out experiments to assess the presence of
c-Fos-positive cells within multiple downstream neuronal
circuits that accompanied the induction in c-Fos expression
in the mPFC following DREADD activation. The choice of
these neuronal circuits was based on the following criteria:
the ﬁrst being the identiﬁcation of GFP-positive nerve terminals capitalizing on the transport of AAV2-CamKIIa-GFP
in an anterograde fashion, and the second based on the
reported role of these brain regions in the modulation of
anxiety-like behaviour. We noted a substantial induction of
c-Fos-positive cell numbers in the lateral septum, BNST and
amygdala, circuits in which we observed GFP-positive nerve
terminals conﬁrming direct mPFC innervation and which
have been previously linked to anxiety-like behaviour in the
EPM (Calhoon and Tye 2015). We also observed enhanced
c-Fos-positive cell number in the CA1 subﬁeld of the hippocampus, a brain region that does not receive direct mPFC
innervation but has been linked to modulation of anxietylike behaviour. The claustrum exhibited strong mPFC
innervation and a robust induction of c-Fos-positive cell
number identifying a putative target circuit that has hitherto
not been extensively explored for its involvement in modulation of anxiety-like behaviour. This approach, when
coupled with studies to inactivate downstream target circuits,
retrograde neuronal tracing and recombinase based strategies
to selectively perturb speciﬁc mPFC projections, could
contribute to further revealing the role of the mPFC and
downstream neuronal circuits in the modulation of anxietylike behaviour.

5. Conclusion
Our study provides novel evidence that DREADD-mediated
activation of mPFC excitatory neurons evokes a decrease in
anxiety-like behavioural responses on the EPM. Further,
accompanying acute pharmacogenetic activation we identiﬁed increased neuronal activity within all subdivisions of the
mPFC and in several downstream neuronal circuits using
c-Fos analysis. These ﬁndings motivate future studies to
unravel the role of speciﬁc neuronal cell types within the
mPFC and their modulation of target brain regions in the
regulation of anxiety-like behaviour.
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