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Drug addiction is a chronic disorder characterized by compulsive drug seeking, and involves repetitive cycles of compulsive
drug use, abstinence, and relapse. In both human and animal models of addiction, chronic food restriction increases rates of
relapse. Our laboratory has reported a robust increase in drug seeking following a period of withdrawal in chronically food-
restricted rats compared with sated controls. Recently, we reported that activation of the paraventricular nucleus of the thala-
mus (PVT) abolished heroin seeking in chronically food-restricted rats. However, the precise inputs and outputs of the PVT
that mediate this effect remain elusive. The goal of the current study was to determine the role of corticothalamic and tha-
lamo-accumbens projections in the augmentation of heroin seeking induced by chronic food restriction. Male Long–Evans
rats were trained to self-administer heroin for 10 d. Next, rats were removed from the self-administration chambers and were
subjected to a 14 d withdrawal period while sated (unlimited access to food) or mildly food-restricted (FDR). On day 14, rats
were returned to the self-administration context for a 3 h heroin-seeking test under extinction conditions during which corti-
cothalamic and thalamo-accumbens neural activity was altered using chemogenetics. Surprisingly, chemogenetic activation or
inhibition of corticothalamic projections did not alter heroin-seeking behavior. Chemogenetic activation of thalamo-accum-
bens shell, but not core, projectors attenuated heroin seeking in FDR rats. The results indicate an important role for the
PVT to nucleus accumbens shell projections in the augmentation of heroin seeking induced by chronic food restriction.
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Significance Statement

Relapse to heroin use is one of the major obstacles in the treatment of opiate addiction. Triggers for relapse are modulated by
environmental challenges such as caloric restriction. Elucidating the brain mechanisms that underlie relapse is critical for evi-
dence-based treatment development. Here we demonstrate a critical role for the input from the paraventricular thalamus
(PVT), a hub for cortical, sensory, and limbic information, to the nucleus accumbens shell (an area known to be important
for reward and motivation) in the augmentation of heroin seeking in food-restricted rats. Our findings highlight a previously
unknown role for the PVT in heroin seeking following a period of abstinence.

Introduction
Drug addiction is a chronic disorder characterized by compulsive
drug seeking and cycling among periods of drug use, abstinence,
and relapse (O’Brien, 1997). In abstinent drug users, relapse is

triggered by the following three main factors: (1) re-exposure
to drugs of abuse, (2) re-exposure to drug-associated cues,
and (3) stressors (Childress et al., 1993; De Wit, 1996; Sinha,
2001). Caloric restriction modulates these triggers, resulting
in increased use of alcohol, coffee and tobacco, subjective
drug craving, and rates of relapse (Franklin et al., 1948; Hall
et al., 1992; Krahn et al., 1992; Pirie et al., 1992; Cheskin et
al., 2005).

In animal models of relapse, acute and chronic caloric
restriction can alter drug-related behavior. Restricted food
intake increases the initiation of drug use and maintenance
of drug intake (Carroll and Meisch, 1984). Acute food depri-
vation (24–48 h) and chronic food restriction reinstate extin-
guished drug seeking (Shalev et al., 2001, 2003; Shalev,
2012). We also observed a robust increase in heroin seeking
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in chronically food-restricted rats following a withdrawal pe-
riod (D’Cunha et al., 2013; Sedki et al., 2013). More recently,
we have demonstrated a critical role for the metabolic hor-
mones ghrelin and leptin in the ventral tegmental area
(D’Cunha et al., 2020), and for dopamine transmission in
the nucleus accumbens (NAc) in food restriction-induced
augmentation of heroin seeking (D’Cunha et al., 2017).
However, the neural circuitry that underlies the impact of
food restriction on drug seeking has not been entirely
elucidated.

The paraventricular nucleus of the thalamus (PVT) is a mid-
line thalamic nucleus that is uniquely located to integrate sub-
cortical and cortical information related to motivational,
emotional, and homeostatic states to guide behavior (Kirouac,
2015; Millan et al., 2017; Zhou and Zhu, 2019), including drug
addiction. The PVT receives dense innervation from medial pre-
frontal cortex (mPFC) glutamatergic projections that arise from
the prelimbic (PrL), infralimbic, and insular cortices (Li and
Kirouac, 2012). The major projections from the PVT target the
NAc core (NAcC) and NAc shell (NAcS) subregions, but appear
to preferentially target the medial aspect of the NAcS (Millan et
al., 2017). A considerable proportion of the PVT to NAc effer-
ents collateralize to innervate the bed nucleus of stria terminalis
(BNST) and central amygdala (CeA; Dong et al., 2017).

The PVT connections mentioned above (mPFC, NAc, BNST,
CeA) are critical components of drug seeking and relapse cir-
cuitry (Tang et al., 2015; Reiner et al., 2019). Accordingly, PVT is
selectively activated during ethanol and cocaine seeking, and
inactivation of the posterior PVT (pPVT) blocked cue-induced
reinstatement of cocaine seeking (Matzeu et al., 2014, 2015).
Inhibition of PrL–pPVT projecting neurons immediately following
the last cocaine self-administration session attenuated postabsti-
nence context-induced cocaine seeking and cue-induced reinstate-
ment of extinguished cocaine seeking (Giannotti et al., 2018).
Interestingly, Otis et al. (2019) recently described a functional inner-
vation of PVT-NAc neurons by mPFC input, demonstrating a role
for this circuit in responses to reward-associated cues.

Currently, there is limited knowledge on the role of the PVT
in opioid drug taking and seeking. We recently reported that
activation of the PVT attenuated heroin seeking in chronically
food-restricted rats, suggesting that the PVT is critically involved
in the augmentation of heroin seeking (Chisholm et al., 2020).
Our findings agree with the report that stimulation of the excita-
tory input from the PrL to the PVT attenuated the incentive
value of food-paired cues, specifically in rats that attribute incen-
tive salience to reward-associated cues (sign trackers; Campus et
al., 2019). However, it is not easy to reconcile our findings with
the attenuation of drug seeking following inhibition of the PVT
or the PrL–PVT pathway, as described above. Thus, understand-
ing the precise function and circuitry of the PVT involved in
drug seeking remains a major challenge.

The objective of this study was to investigate the role of PrL–
PVT and PVT–NAc projections in the augmentation of heroin
seeking induced by chronic food restriction. We used chemoge-
netics in a projection-specific manner to excite or inhibit the
PrL–PVT, PVT–NAcS, and PVT–NAcC pathways.

Materials and Methods
Subjects
Male Long–Evans rats, weighing 250–275 g at the beginning of the
experiments, were used in four different experiments. Before surgery,
rats were pair housed for 1week under a reverse 12 h light/dark cycle
(lights OFF at 9:30 A.M.) with unrestricted access to chow (Agribran

Purina Canada) and water, unless otherwise specified. Following surgery,
rats were individually housed in plastic shoebox cages for 2 d before
being moved to the operant conditioning chambers for drug self-admin-
istration. Following drug self-administration training, rats were returned
to the animal care facility and individually housed for the drug with-
drawal phase. All experiments were approved by the Animal Research
Ethics Committee of Concordia University and were conducted in ac-
cordance with the recommendations of the Canadian Council on
Animal Care.

Intravenous and intracranial surgery
Before surgery, rats were subcutaneously administered 2 ml of 0.9% sa-
line, penicillin (450 000 IU/rat, s.c.), and atropine (0.1mg/kg/rat) to aid
in hydration and prevent infection, followed by the analgesic ketoprofen
(2.0mg/kg; Merial Canada) postoperatively. Under 2% isoflurane anes-
thesia, rats were implanted with an intravenous SILASTIC catheter
(Dow Corning) into the right jugular vein, as previously described
(Sedki et al., 2013). Immediately following intravenous catheterization,
rats were intracranially injected with 0.75ml of a viral vector [Canadian
Neurophotonic Platform (Viral Vector Core team)] at a rate of 0.1ml/
min and implanted with single (PVT) or bilateral (NAc) guide cannulae
(23 gauge; Plastics One) as detailed below. One of the more elegant
aspects of the chemogenetic approach is the ability to manipulate local
neuronal excitability using systemic administration of the designer re-
ceptor exclusively activated by designer drugs (DREADD) ligand.
However, to allow for pathway specificity and to avoid an effect on other
areas because of collateralization (Dong et al., 2017), here we opted to
administer clozapine-N-oxide (CNO; a DREADD ligand) locally at the
areas of interest. The general viral vector approach and time line for
each experiment are presented in Figure 1.

Experiment 1. Chemogenetic activation of PrL–PVT projections was
as follows: AAV8-hSyn-hM3D(Gq)-mCherry was bilaterally injected
into the PrL [anteroposterior (AP), 13.0; mediolateral (ML) 1.0; dorso-
ventral (DV), �3.5]; and a guide cannula aimed at the PVT (AP, �3.0;
ML, 0.0; DV,�3.2; relative to bregma) was implanted (Fig. 1A).

Experiment 2. Chemogenetic inhibition of PrL–PVT projections was
as follows: AAV8-hSyn-hM4D(Gi)-mCherry was bilaterally injected into
the PrL; and a guide cannula aimed at the PVT was implanted (Fig. 1B).

Experiment 3A. Chemogenetic excitation of PVT-NAcS projections
was as follows: AAV8-hSyn-hM3D(Gq)-mCherry was injected into the
PVT (AP, �3.0; ML, 0.0; DV, �5.4; relative to bregma); and guide can-
nulae were aimed at the NAcS (AP, 11.70; ML, 63.70; DV, �4.60; 20°
angle; relative to bregma) were implanted (Fig. 1C).

Experiment 3B. Specificity of the CNO effect in rats expressing
mCherry control DREADDs in PVT-NAcS projections was as follows:
AAV8-hSyn-mCherry was injected into the PVT; and guide cannulae
aimed at the NAcS were implanted (Fig. 1D).

Experiment 4. Chemogenetic excitation of PVT–NAcC projections
was as follows: AAV8-hSyn-hM3D(Gq)-mCherry was injected into the
PVT; and guide cannulae aimed at the NAcC (AP, 12.52; ML, 62.50;
DV,�4.50; 6° angle; relative to bregma) were implanted (Fig. 1E).

Apparatus
Operant conditioning chambers (Coulbourn Instruments; 29.0� 29.0 �
25.5 cm) enclosed in sound-attenuating boxes were used. Each chamber
was equipped with a red house light, a food hopper, and a water bottle. The
“active” lever was positioned 9cm above the floor and was located on the
wall opposite the house light. An “inactive” lever was positioned 9cm above
the floor, on the same wall of as the active lever. Responses on the active le-
ver activated an infusion pump (Razel Scientific Instruments). A white cue
light and tone generator (2.9 kHz; Sonalert, Coulborn Instruments) were
located directly above the active lever. Presses on the inactive lever were
recorded but had no programmed consequence. The infusion pump was
connected to the catheter through a liquid swivel (Lomir Biomedical) and
Tygon tubing (Saint-Gobain) shielded with a metal spring.

Drugs
Heroin HCl (contribution from the National Institute on Drug Abuse)
was dissolved in 0.9% sterile saline. CNO (contribution from the
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National Institute on Drug Abuse) was
dissolved in 1% DMSO (Thermo Fisher
Scientific) in 0.9% sterile saline. CNO was
injected using a 10ml Hamilton syringe and a
microinfusion pump (Harvard Apparatus),
through a 28 gauge injector (Plastics One) that
extended 2 mm below the guide cannulae
(rate, 0.30ml/min). The injector was left in
place for 2min following the infusion to allow
for optimal drug diffusion. A 1% DMSO solu-
tion in saline was used as a vehicle (veh)
control.

Heroin self-administration
Following a 24 h habituation period to the
operant chamber, rats were trained to self-
administer heroin for 10d, with three 3 h ses-
sions/d separated by 3 h intervals, under a fixed
interval 20 s schedule of reinforcement. The
first daily session began shortly after the onset
of the lights OFF period and was signaled by
the illumination of the house light, entry of the
active lever, and activation of the cue light and
the tone for 30 s or until the active lever was
pressed. Responses on the active lever resulted
in a 0.1mg/kg infusion of heroin over 12 s and
the initiation of a 20 s timeout period during
which the house light was turned off, and the
cue light and tone were activated. Responses
made on the active lever during the timeout
were recorded but did not result in an addi-
tional infusion.

Drug withdrawal
Following heroin self-administration training,
all rats were removed from their operant cham-
ber and placed in the animal colony in individ-
ual plastic shoebox cages for 24 h of drug
washout. During this 24 h period, all rats
had unrestricted access to food and water.
Following drug washout, rats were assigned to
one of two groups matched for the average
number of infusions taken, active lever
responses made, and body weight over the last
5 d of training [food-restricted (FDR) or sated
(unrestricted access to food)]. During the 14 d
withdrawal period, the amount of food given to
restricted rats was titrated to maintain the rats
at 90% of their drug washout day body weight.

Heroin-seeking test
On the 14th day of food restriction, rats were
returned to the operant conditioning cham-
bers for one 3 h heroin-seeking test session.
Rats were intracranially injected with either
0.30ml of CNO (1 mM) or 0.30ml of vehicle
10min before the beginning of the heroin-
seeking testing. During testing, all conditions
were identical to self-administration training
except that rats were tested under extinction
conditions. At the time of the test, all rats had
a minimum of 5weeks of viral incubation.

Locomotor activity test
To assess possible nonspecific motor effects of the chemogenetic manipula-
tions, on the 16th day of food restriction, rats were intracranially injected
with either 0.30ml of CNO (1mM) or 0.30ml of vehicle 10min before the be-
ginning of a locomotor activity test. Locomotor activity data were collected
using the TRU SCAN 2.0 Activity Monitoring System (Coulbourn

Instruments). The total distance covered (in centimeters) was recorded
for 1 h.

Validation of DREADD functionality
Rats that underwent behavioral testing were used to assess DREADD
functionality in PrL–PVT projection inhibition (experiment 2) and
PVT–NAcC projection activation (experiment 4). Because of technical

Figure 1. Diagram of viral vector approach and general experimental time lines. A, Diagram of viral vector approach and
the experimental time line for experiment 1. B, Diagram of viral vector approach and the experimental time line for experi-
ment 2. C, Diagram of viral vector approach and the experimental time line for experiment 3A. D, Diagram of viral vector
approach and the experimental time line for experiment 3B. E, Diagram of viral vector approach and the experimental time
line for experiment 4.
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issues with brain collection, two new groups of 12 rats were used to vali-
date DREADD functionality in PrL–PVT projection activation (experi-
ment 1) and PVT-NAcS projection activation (experiment 3).

Fos immunohistochemistry
Rats were intracranially infused with CNO (1 mM) or vehicle, and
90min later were overdosed with sodium pentobarbital and transcar-
dially perfused with PBS, pH 7.4, followed by 4% paraformaldehyde.
Brains were extracted and postfixed in 4% paraformaldehyde for 24 h,
followed by cryoprotection in a 30% sucrose solution at 4°C for 48 h.
Brain tissue was collected in 40mm coronal slices using a Leica cryostat
and stored at�20°C in cryoprotectant. Free-floating sections containing
the PVT were washed 12� 5min in TBS. Sections were blocked in 3%
normal goat serum and 0.20% Triton X in TBS for 2 h at 4°C. Sections
were then incubated for 48 h at 4°C with the primary rabbit anti-Fos
antibody (1:2000; catalog #2250S, Cell Signaling Technology) in 3% nor-
mal goat serum and 0.15% Triton X in TBS. Next, sections were washed
5� 5min with TBS and then quenched in a 0.3% TBS hydrogen perox-
ide for 30min at 4°C. Sections were washed 5� 5min and were then
incubated in the secondary antibody solution containing biotinylated
goat anti-rabbit IgG antibody (1:200; Vector Laboratories), 3% normal
goat serum, and 0.2% Triton X at 4°C. Following secondary incubation,
sections were washed 3� 5min in TBS and were then incubated for 1 h
in a Vectastain Elite ABC solution (Vector Laboratories) at 4°C. Sections
were washed 3� 5min in TBS, and then Fos-reactive cells were visual-
ized by reacting with DAB and Nickle Cl (Vector Laboratories) for
1.5min. The reaction was stopped by placing the sections in tap water
for 5min. Sections were washed 3� 5 in TBS and mounted onto
SuperFrost Plus microscope slides, and coverslipped with Permount me-
dium (Thermo Fisher Scientific). Injection placement and viral expres-
sion were determined under a confocal microscope (model DMRA2,
Leica) using the TX2 filter with reference to the brain atlas of Paxinos
andWatson (2005) as previously described (Chisholm et al., 2020).

Fos immunoreactivity quantification
Fos immunoreactivity (IR) quantification was conducted by an experi-
menter blind to conditions. Images were taken using the software pro-
gram ToupView (Hangzhou ToupTek Photonics) that was connected to
a ToupTek LCMOS (low-voltage complementary metal oxide semicon-
ductor) digital camera and a Leica microscope (model DM4000). ImageJ
software (National Institutes of Health) was used for Fos-labeled cell
counting. In experiments 1 and 2, one image per section was taken with
a 20� objective. Three images from the PVT (AP, �2.76 to �3.48, rela-
tive to bregma) with the highest number of Fos-reactive cells were aver-
aged for each subject. In experiments 3 and 4, in each brain section, for
each hemisphere, two images were captured with a 20� objective. For
each subject, counts from three bilateral sections from the NAc shell
(AP, 1.68–1.92, relative to bregma) or core (AP, 2.28–2.76, relative to
bregma) with the highest number of Fos-reactive cells were averaged.

Statistical analyses
The critical threshold for statistically significant results was set at
p, 0.05. Body weights were compared using t tests, corrected for
unequal variance when necessary. In experiments 1, 2, 3A, and 4, the
total number of active and inactive lever responses made during the her-
oin-seeking test was analyzed using two separate two-way ANOVAs
with drug treatment (vehicle; CNO) and feeding condition (FDR, sated)
as between-subjects factors and planned comparisons.

The number of active lever responses made over time during the her-
oin-seeking tests was analyzed using a three-way ANOVA with drug
treatment (vehicle; CNO) and feeding condition (FDR, sated) as
between-subjects factors and time (3� 1 h segments) as the within-sub-
jects factor. Significant interactions were analyzed using three separate
two-way ANOVAs with drug treatment (vehicle; CNO) and feeding
condition (FDR, sated) as factors at hour 1, hour 2, and hour 3 of the
heroin-seeking test. The number of Fos-immunoreactive cells in CNO
and vehicle-treated subjects were compared using t tests, corrected for
unequal variance when necessary.

In experiment 3B, the number of active and inactive lever responses
made during the heroin-seeking test were analyzed using two separate t
tests with feeding condition (FDR, sated) as a between-subjects factor.
The number of active lever responses made over time during the heroin-
seeking test was analyzed using a two-way ANOVA with feeding condi-
tion (FDR, sated) as the between-subjects factor and time (3� 1 h seg-
ments) as the within-subjects factor. Post hoc analyses were applied
where necessary using the Bonferroni correction.

Results
There were no statistically significant differences in the acquisi-
tion of heroin self-administration between the different experi-
mental groups during the last 5 d of self-administration training
for any experiment. The mean 6 SEM number of infusions,
active lever responses, and inactive lever response made on the
last day of heroin self-administration training for each experi-
ment are shown in Tables 1, 2, 3, 4, and 5.

Experiment 1: activation of PrL–PVT projections did not
change food restriction-induced augmentation of heroin
seeking
Twenty-two rats were removed because of catheter leakage, fail-
ure to train, health issues, incorrect viral vector placement/
expression, or incorrect injector placement. One rat (Sated-CNO
group) was considered an outlier because of an extreme number
of active lever presses performed during the test (.2.5 SDs above
group average). Therefore, the final analysis included 33 rats in
the following four experimental conditions: FDR-vehicle (n= 8),
FDR-CNO (n=8), sated-vehicle (n=7), and sated-CNO (n=10).
On test day, FDR rats (n=16; weight, 346.816 5.42 g) weighed
statistically significantly less than sated rats (n=17; 426.826 8.43
g; t(31) = 7.874, p, 0.0001, d=2.83).

As expected, food-restricted rats pressedmore on the active lever
during the heroin-seeking test, when compared with their sated
counterparts (feeding condition: F(1,29) = 12.32, p=0.002, h 2 = 0.29;
Fig. 2A). However, no statistically significant effects for CNO treat-
ment (F(1,29) = 1.11, p=0.301, h 2 = 0.03) or feeding condition �
CNO treatment interaction (F(1,29) = 0.72, p=0.402, h 2 = 0.02)
were found. No statistically significant effects were found for inac-
tive lever responding. Analysis of active lever responding over the
test session (1 h bins) revealed statistically significant effects of
time (F(1.362,39.49) = 71.43, p, 0.001, h 2 = 0.39), feeding condition

Table 1. Mean 6 SEM number of active lever responses, inactive lever
responses, and heroin infusions made on the last day of training (9 h), and
body weight on test day in experiment 1

Infusions Active lever Inactive lever Body weight (g)

Sated-vehicle 28.576 2.52 89.296 25.17 8.146 2.84 435.296 11.53p

Sated-CNO 35.006 3.07 94.906 10.54 9.006 2.99 420.906 11.98p

FDR-vehicle 32.636 5.75 73.256 20.41 6.136 2.14 352.636 9.21
FDR-CNO 39.886 5.32 111.886 28.65 25.386 21.85 341.006 5.58

p p, 0.0001, Sated compared with FDR rats.

Table 2. Mean 6 SEM number of active lever responses, inactive lever
responses, and heroin infusions made on the last day of training (9 h), and
body weight on test day in experiment 2

Infusions Active lever Inactive lever Body weight (g)

Sated-vehicle 38.886 5.88 111.006 30.70 14.136 4.37 521.136 13.89p

Sated-CNO 46.246 5.24 126.896 24.86 17.006 4.32 518.566 13.94p

FDR-vehicle 47.486 8.66 161.626 48.18 9.826 2.83 399.406 10.06
FDR-CNO 54.646 5.35 138.736 22.06 19.186 7.66 397.276 8.33

p p, 0.0001, Sated compared with FDR rats.
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(F(1,29) = 12.32, p=0.002, h 2 = 0.33), time � feeding condition
interaction (F(2,58) = 5.00, p=0.010, h 2 = 0.03), and time � feeding
condition � CNO treatment interaction (F(2,58) = 4.64, p=0.014,
h 2 = 0.03). However, no statistically significant effects for CNO
treatment (F(1,29) = 1.11, p=0.301, h 2 = 0.03), time � CNO treat-
ment interaction (F(2,58) = 2.64, p=0.078, h 2 = 0.01), or feeding
condition � CNO treatment interaction (F(1,29) = 0.72, p=0.402,
h 2 = 0.02) were found. Post hoc two-way ANOVAs revealed a stat-
istically significant main effect of feeding condition at each time
point, indicating that food-restricted rats displayed higher levels of
responding at hour 1 (F(1,29) = 11.16, p=0.002, h 2 = 0.25), hour 2
(F(1,29) = 10.40, p=0.003, h 2 = 0.26), and hour 3 (F(1,29) = 12.13,
p=0.002, h 2 = 0.29) compared with sated rats (Fig. 2B). No other
statistically significant main effects or interactions were observed.

Locomotor test
Data from the locomotor activity test were lost for one animal in
the Sated-CNO group. The mean 6 SEM distances traveled (in
centimeters) were as follows: Sated-Vehicle group, 7266.536
363.18; Sated-CNO group, 6406.176 810.16; FDR-Vehicle group,
6570.356 1191.36; and FDR-CNO group, 6571.646 980.48. No
statistically significant effects were observed for distance traveled.

Validation of DREADD functionality
CNO treatment (n=6) statistically significantly increased the
number of Fos-IR cells in the PVT rats compared with vehicle
controls (n=6; t(10) = 1.85, p=0.047, d=1.17; Fig. 2C), indicating
that DREADD-mediated excitation of the PrL–PVT pathway suc-
cessfully increased neuronal activity in the PVT. Representative
DREADD expression in the terminal region of the PrL–PVT pro-
jection neurons is presented in Figure 2A.

Experiment 2: Inhibition of PrL–PVT projections did not
change food restriction-induced augmentation of heroin seeking
Ten rats were removed because of catheter leakage, failure to
train, health issues, incorrect viral vector placement/expression,
or incorrect injector placement. Two rats (Sated-Veh and FDR-
Veh groups) were considered outliers because of an extreme
number of active lever presses performed during the test (.2.5
SDs above group average). Therefore, the final analysis included
38 rats in the following four experimental conditions: FDR-vehi-
cle (n=10); FDR-CNO (n=11); sated-vehicle (n=8); and sated-
CNO (n=9). On test day, FDR rats (n=21; weight, 398.296
6.32 g) weighed statistically significantly less than sated rats (n=17;
weight, 519.766 9.55 g, t(36) = 10.96, p, 0.0001, d=3.65).

Food restriction augmented heroin seeking as indicated by
the high number of active lever responses when compared with
sated controls (feeding condition: F(1,34) = 20.82, p, 0.0001,
h 2 = 0.36; Fig. 3A). However, no statistically significant effects
for CNO treatment (F(1,34) = 2.20, p= 0.147, h 2 = 0.04) or feed-
ing condition � CNO treatment interaction (F(1,34) = 0.03,
p= 0.853, h 2 = 0.00) were found indicating that inhibition of
PrL–PVT projections did not alter heroin seeking regardless of
the feeding condition. There were no significant effects for inac-
tive lever responding. Analysis of active lever responding over
the test session (1 h bins; Fig. 3B) revealed statistically significant
effects of time (F(1.336,45.43) = 64.08, p, 0.0001, h 2 = 0.41), feed-
ing condition (F(1,34) = 20.80, p, 0.0001, h 2 = 0.30), and time�
feeding condition interaction (F(2,68) = 8.09, p=0.001, h 2 =
0.05). However, no statistically significant effects for CNO treat-
ment (F(1,34) = 2.14, p=0.153, h 2 = 0.03), time� CNO treatment
interaction (F(2,68) = 0.14, p=0.871, h 2 = 0.00), feeding condition�
CNO treatment interaction (F(1,34) = 0.03, p=0.866, h 2 = 0.00), or
time � feeding condition � CNO treatment interaction (F(2,68) =
0.14, p=0.869, h 2 = 0.00) were found. Post hoc two-way ANOVAs
revealed a statistically significant main effect of feeding condition in
each time point indicating that food-restricted rats displayed higher
levels of responding at hour 1 (F(1,34) = 16.23, p, 0.001, h 2 = 0.32),
hour 2 (F(1,34) = 23.39, p, 0.001, h 2 = 0.38), and hour 3 (F(1,34) =
11.65, p=0.002, h 2 = 0.24) compared with sated rats. No other stat-
istically significant main effects or interactions were observed.

Locomotor activity test
Data from the locomotor activity test were lost for one ani-
mal in the Sated-Vehicle group. The mean 6 SEM distances
traveled (in centimeters) were as follows: Sated-Vehicle
group, 6855.916 563.59; Sated-CNO group, 6282.866
327.21; FDR-Vehicle group, 5756.776 789.03; and FDR-
CNO group, 7302.056 723.92. No statistically significant
effects were observed for distance traveled.

Validation of DREADD functionality
CNO treatment (n=6) statistically significantly reduced the
number of Fos-IR cells in the posterior PVT compared with ve-
hicle controls (n = 6; t(10) = 2.06, p=0.033, d=1.31) indicating
that DREADD-mediated inhibition of the PrL–PVT pathway
successfully decreased neuronal activity in the PVT (Fig. 3C).
Representative DREADD expression in the PrL and in the termi-
nal region of the PrL–PVT projection neurons is presented in
Figure 3A.

Experiment 3A: Excitation of PVT–NAcS pathway blocked
food restriction-induced augmentation of heroin seeking
Eighteen rats were removed because of catheter leakage, fail-
ure to train, health issues, incorrect viral vector placement,

Table 3. Mean 6 SEM number of active lever responses, inactive lever
response and heroin infusions made on the last day of training (9 h), and
body weight on test day in experiment 3A

Infusions Active lever Inactive lever Body weight (g)

Sated-vehicle 44.786 4.76 133.446 27.15 27.676 8.77 446.566 13.43p

Sated-CNO 49.636 9.08 144.506 47.64 16.006 5.45 446.136 17.03p

FDR-vehicle 53.506 6.49 162.756 36.49 13.756 2.50 344.256 8.54
FDR-CNO 48.006 11.41 150.436 56.80 11.436 4.47 340.716 9.60

p p, 0.0001, Sated compared with FDR rats.

Table 4. Mean 6 SEM number of active lever responses, inactive lever
responses, and heroin infusions made on the last day of training (9 h), and
body weight on test day in experiment 3B

Infusions Active lever Inactive lever Body weight (g)

Sated-CNO 56.436 13.24 181.436 63.57 24.716 10.64 442.866 10.27p

FDR-CNO 53.146 10.38 146.436 49.65 10.576 2.40 314.436 11.57

p p, 0.0001, Sated compared with FDR rats.

Table 5. Mean 6 SEM number of active lever responses, inactive lever
responses, and heroin infusions made on the last day of training (9 h), and
body weight on test day in experiment 4

Infusions Active lever Inactive lever Body weight (g)

Sated-vehicle 45.636 8.63 133.636 39.60 19.636 4.70 445.886 25.52p

Sated-CNO 39.206 9.15 126.906 43.74 14.306 5.44 432.906 22.74p

FDR-vehicle 42.306 11.60 117.706 47.04 24.606 7.49 330.706 15.77
FDR-CNO 46.556 5.67 107.916 21.21 9.736 3.90 385.556 19.51

p p, 0.0001, Sated compared with FDR rats.
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or incorrect injector placement. One rat (FDR-CNO) was
considered an outlier because of an extreme number of
active lever presses performed during the test (.2.5 SDs
above group average). Therefore, the final analysis included
32 rats in the following four experimental conditions: FDR-
vehicle (n = 8); FDR-CNO (n = 7); sated-vehicle (n = 9); and
sated-CNO (n = 8). On test day, FDR rats (n = 15; weight,
342.606 6.17 g) weighed statistically significantly less than

sated rats (n = 17; weight, 446.35 6
10.37 g; t(30) = 8.31, p, 0.0001, d =
3.04).

Chemogenetic excitation of the PVT–
NAcS pathway in the FDR group, but not
in the Sated group, resulted in a dramatic
attenuation of active lever responses
compared with vehicle-treated rats
(Fig. 4A). Two-way ANOVA revealed a
statistically significant main effect of
CNO treatment (F(1,28) = 5.71, p =
0.024, h 2 = 0.14). No statistically sig-
nificant effects of feeding condition
(F(1,28) = 3.48, p = 0.073, h 2 = 0.09) or
CNO treatment � feeding condition
(F(1,28) = 2.92, p = 0.098, h 2 = 0.07)
interaction were found. Planned com-
parisons revealed a statistically signifi-
cant difference between FDR-vehicle
and sated-vehicle rats (p = 0.014; d =
1.06), and this effect was reversed by
CNO treatment (FDR-vehicle vs FDR-
CNO: p = 0.009, d = 0.99). No statisti-
cally significant main effects or inter-
action were found for inactive lever
responding during the heroin-seeking
test.

Analysis of active lever responding
over the test session (1 h bins) revealed a
statistically significant main effect of time
(F(1.165,32.61) = 36.37, p, 0.0001, h 2 =
0.34) and CNO treatment (F(1,28) = 5.71,
p= 0.024, h 2 = 0.16; Fig. 4B). However,
no statistically significant effects for feed-
ing condition (F(1,28) = 3.48, p=0.073,
h 2 = 0.10), time � feeding condition
(F(2,56) = 2.65, p= 0.08, h 2 = 0.02), time
� CNO treatment interaction (F(2,56) =
2.41, p=0.099, h 2 = 0.02), feeding condi-
tion � CNO treatment interaction (F(1,28
= 2.92, p=0.098, h 2 = 0.08), or time �
feeding condition � CNO treatment
interaction (F(2,56) = 2.17, p=0.124, h 2 =
0.02) were found. Visual inspection of
active lever responses made over the test
session indicates that the response rate of
the FDR-CNO group was consistently
low from the outset of the heroin-seeking
test session when compared with the
FDR-Vehicle group.

Locomotor activity
Data from the locomotor activity test
were lost for one animal in the Sated-
CNO group. The mean 6 SEM distances

traveled (in centimeters) were as follows: Sated-Vehicle
group, 6038.106 769.51; Sated-CNO group, 5387.84 6 603.44;
FDR-Vehicle group, 8829.256 538.85; and FDR-CNO group,
9954.77 6 1090.33. Food restriction statistically significantly
increased the total distance traveled compared with sated rats (feed-
ing condition: F(1,27) = 22.57, p, 0.0001, h 2 = 0.44). No statistically
significant effect of CNO treatment or feeding condition � CNO

Figure 2. Chemogenetic activation of PrL–PVT projections did not alter food restriction-induced augmentation of heroin
seeking. Rats were intracranially administered CNO (1 mM) or vehicle into the PVT 5–10min before the test. A, Mean6 SEM
number of active (left) and inactive (right) lever responses made during the 3 h heroin-seeking test on day 14 of food restric-
tion in the Sated and FDR groups. pp, 0.01, compared with Sated groups. Insert, Representative section of mCherry-tagged
immunofluorescence in PrL–PVT projections in the terminal region taken with 5� objective (relative to bregma,13.00). B,
Mean 6 SEM number of active lever responses made over the 3 h test, presented in 1 h time intervals. pp, 0.01,
compared with Sated groups. C, Chemogenetic activation of PrL-PVT projections increased the number of Fos-IR cells
in the PVT of CNO-treated subjects compared with vehicle. Rats were intracranially administered CNO (1 mM) or ve-
hicle into the PVT 90 min before the perfusion. Data are the mean 6 SEM number of Fos-IR cells in the PVT of vehi-
cle- and CNO-treated rats who had their PrL–PVT projections activated (left). pp, 0.05, vehicle compared with
CNO treatment. Example Fos-IR in the PVT in vehicle- and CNO-treated subjects are also presented (right). All
images were taken with 20� objective.
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treatment interaction was observed dur-
ing the 1 h locomotor activity test.

Validation of DREADD functionality
CNO treatment (n=5) statistically sig-
nificantly increased the number of Fos-
IR cells in the NAcS compared with
vehicle controls (n= 6; t(9) = 2.09,
p=0.033, d=1.39; Fig. 4C), indicating
that DREADD-mediated excitation of
the PVT–NAcS pathway successfully
increased neuronal activity in the NAcS.
Representative DREADD expression in
the terminal region of the PVT–NAcS
projection neurons is presented in
Figure 4A.

Experiment 3B: CNO infusion did
not change heroin seeking in rats
expressing an mCherry control virus
in PVT–NAcS projections
Six rats were removed because of cathe-
ter leakage, failure to train, excessive
training, health issues, incorrect viral
vector placement, or incorrect guide
cannula placement. Therefore, the final
analysis included 14 rats in the following
two experimental conditions: FDR-CNO
(n=7) and sated-CNO (n=7). On test
day, FDR rats (n=7; weight, 314.43 6
11.57 g) weighed statistically significantly
less than sated rats (n=7; weight,
442.866 10.27 g; t(12) = 8.31, p, 0.0001,
d=4.80).

On test day, FDR rats made statisti-
cally significantly more responses on
the active lever than sated rats (t(12) =
3.01, p= 0.011, d= 1.73; Fig. 5A). No
statistically significant differences in
inactive lever responding during the test
were observed. Notably, heroin seeking
in the sated and FDR groups was similar
to the levels observed in experiment 3A.
Analysis of active lever responding over
the test session (1 h bins) revealed statis-
tically significant main effects of time
(F(1.582,18.99) = 43.66, p , 0.0001, h 2 =
0.54) and feeding condition (F(1,12) =
9.03, p= 0.011, h 2 = 0.24), and a
time � feeding condition interaction
(F(2,24) = 6.07, p= 0.007, h 2 = 0.08).
Post hoc analyses revealed that FDR
rats pressed statistically significantly more
on the active lever at hour 1 (p=0.03,
d=2.46) when compared with sated rats (Fig. 5B). These data indi-
cate that the infusion of CNO in the absence of an active DREADD
did not alter heroin seeking in chronically food-restricted rats.

Data from the locomotor activity test was lost for two rats
in the FDR group and one animal in the sated group. The
mean 6 SEM distances traveled (in centimeters) were as fol-
lows: Sated-CNO group, 6504.606 496.51; FDR-CNO group,
4587.526 975.37. No statistically significant effects were observed
for locomotor activity.

Experiment 4: Excitation of PVT–NAcC pathway did not
change food restriction-induced augmentation of heroin
seeking
Eleven rats were removed because of catheter leakage, failure
to train, health issues, incorrect viral vector placement, or
incorrect injector placement. The final analysis included 39
rats in the following four experimental conditions: FDR-vehi-
cle (n=10); FDR-CNO (n=11); sated-vehicle (n= 8); and sated-
CNO (n= 10). On test day, FDR rats (n= 21; weight,
345.296 12.76 g) weighed statistically significantly less than

Figure 3. Chemogenetic inhibition of PrL–PVT projections did not alter food restriction-induced augmentation of heroin
seeking. Rats were intracranially administered CNO (1 mM) or vehicle into the PVT 5–10min before the test. A, Mean6 SEM
number of active (left) and inactive (right) lever responses made during the 3 h heroin-seeking test on day 14 of food restric-
tion in the Sated and FDR groups. pp, 0.0001, compared with Sated groups. Insert: a, Representative section of mCherry
tagged immunofluorescence in PrL cell bodies (relative to bregma,13.00) taken with a 2.5� objective. b, Representative sec-
tion of mCherry-tagged immunofluorescence in PrL–PVT projections in the terminal region taken with a 5� objective. B,
Mean6 SEM number of active lever responses made over the 3 h test, presented in 1 h time intervals. pp, 0.01, FDR com-
pared with Sated groups. C, Chemogenetic inhibition of PrL–PVT projections reduced the number of Fos-IR cells in the PVT of
CNO-treated subjects compared with vehicle. Rats were intracranially administered CNO (1 mM) or vehicle into the PVT 90min
before the perfusion. Data are Mean6 SEM number of Fos-IR cells in the PVT of vehicle- and CNO-treated rats who had their
PrL–PVT projections inhibited (left). pp, 0.05, vehicle compared with CNO treatment. Example Fos-IR in the PVT of vehicle-
and CNO-treated subjects are also presented (right). All images were taken with a 20� objective.
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sated rats (n= 18; weight, 438.676 16.54 g; t(37) = 4.54, p ,
0.001, d= 1.49).

Food-restricted rats pressed significantly more on the active
lever during the heroin-seeking test, compared with the sated
group (feeding condition: F(1,35) = 23.03, p, 0.0001, h 2 = 0.39;
Fig. 6A). No statistically significant effects of CNO treatment
(F(1,35) = 0.46, p= 0.502, h 2 = 0.01) or CNO treatment� feeding
condition interaction (F(1,35) = 0.024, p=0.877, h 2 = 0.00) were

found. Post hoc analyses revealed that
FDR-vehicle- and FDR-CNO-treated sub-
jects displayed elevated levels of respond-
ing on the active lever compared with
Sated-vehicle and Sated-CNO subjects.
These results indicate that chemogenetic
excitation of the PVT–NAcC pathway did
not attenuate heroin seeking in chronically
food-restricted rats. A significant interac-
tion (feeding condition � CNO treatment:
F(1,35) = 6.18, p= 0.018, h 2 = 0.15) was
observed for inactive lever responding.
However, post hoc tests revealed no statis-
tically significant differences between the
groups.

Analysis of active lever responding over
the test session (1 h bins) revealed stati-
stically significant main effects of time
(F(1.183,41.40) = 64.68, p, 0.0001, h 2 =
0.40) and feeding condition (F(1,35) =
24.11, p, 0.0001, h 2 = 0.28), and a time
� feeding condition interaction (F(2,70) =
13.38, p, 0.0001, h 2 = 0.08; Fig. 6B). Post
hoc analyses revealed that FDR rats pressed
statistically significantly more on the active
lever at hour 1 (F(1,35) = 22.27, p, 0.0001,
h 2 = 0.39), hour 2 (F(1,35) = 14.68, p=0.001,
h 2 = 0.28), and hour 3 (F(1,35) = 20.43,
p, 0.0001, h 2 = 0.36) when compared with
sated rats, indicating that FDR rats were
slower to extinguish their responding dur-
ing the heroin-seeking test.

Locomotor activity
The mean 6 SEM distances traveled (in
centimeters) were as follows: Sated-
Vehicle group, 6270.736 583.83; Sated-
CNO group, 4794.586 359.83; FDR-Vehicle
group, 7204.426 703.78; and FDR-CNO
group, 7163.256 955.27. Food restriction
statistically significantly increased the dis-
tance traveled (feeding condition: F(1,35) =
5.22, p=0.029, h 2 = 0.12). No statistically
significant effect of CNO treatment or feed-
ing condition � CNO treatment interaction
was observed during the 1 h locomotor activ-
ity test.

Validation of DREADD functionality
CNO treatment (n=6) statistically signifi-
cantly increased Fos protein expression in
the NAc core when compared with vehicle
controls (n=6; t(10) = 1.92, p=0.042,
d =1.22; Fig. 6C). Representative DREADD
expression in the terminal region of the
PVT-NAcC projection neurons is pre-
sented in Figure 6A.

Discussion
We examined the role of corticothalamic and thalamo-accum-
bens projections in the augmentation of heroin seeking in
chronically food-restricted rats following a period of withdrawal
by chemogenetically manipulating these projections imme-

Figure 4. Chemogenetic activation of PVT–NAcS projections blocked food restriction-induced augmentation of
heroin seeking. Rats were intracranially administered CNO (1 mM) or vehicle into the NAcS 5–10 min before the
test. A, Mean 6 SEM number of active (left) and inactive (right) lever responses made during the 3 h heroin-seek-
ing test on day 14 of food restriction in the Sated and FDR groups. pp, 0.05, compared with sated vehicle and
FDR CNO groups. Insert, Representative section of mCherry-tagged immunofluorescence in PVT–NAcS projections in
the terminal region taken with a 10� objective. B, Mean 6 SEM number of active lever responses made over the
3 h test, presented in 1 h time intervals. pp, 0.05, CNO compared with vehicle-treated groups. C, Chemogenetic
activation of PVT–NAcS projections increased the number of Fos-IR cells in the NAcS of CNO-treated rats compared
with vehicle-treated rats. Rats were intracranially administered CNO (1 mM) or vehicle into the NAcS 90 min before
the perfusion. Data are the mean 6 SEM number of Fos-IR cells in the NAcS of vehicle- and CNO-treated rats who
had their PVT–NAc shell projections activated (left). pp, 0.05, vehicle compared with CNO treatment. Example
Fos-IR in the NAcS of vehicle- and CNO-treated subjects are also presented (right). All images were taken with a
20� objective.
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diately before a heroin-seeking test. To our knowledge, this is
the first study to examine the role of corticothalamic and tha-
lamo-accumbens projections in heroin seeking. As previously
reported, chronically food-restricted rats displayed a robust
increase in heroin seeking compared with sated controls
(D’Cunha et al., 2013, 2017; Sedki et al., 2013, 2015;
Chisholm et al., 2020). Contrary to our initial hypotheses,
chemogenetic activation or inhibition of PrL–PVT projections
did not alter heroin seeking in our chronically food-restricted rats.
In agreement with our initial hypothesis, chemogenetic activation
of PVT–NAcS projections, but not PVT–NAcC projections,
blocked the augmentation of heroin seeking in the chronically
food-restricted rats.

Activation or inhibition of the PrL–PVT pathway did not
change food restriction-induced augmentation of heroin
seeking
The role of the PrL–PVT pathway in reward seeking is ambigu-
ous. Exposure to reward-associated cues appears to result in an
inhibitory response in PrL–PVT neurons, and activation of this
pathway suppressed the acquisition and expression of condi-
tioned reward seeking (Otis et al., 2019). In contrast, the inhibi-
tion of the PrL–PVT pathway attenuated cue-induced cocaine

seeking (Giannotti et al., 2018). Consequently, we explored the
effects of PrL–PVT projection inhibition and excitation. PrL–
PVT projections arising from layer VI reportedly participate in
fear learning, drug seeking, the attribution of incentive salience
to reward-associated cues, and cue reward learning (Otis et al.,
2017, 2019; Giannotti et al., 2018; Campus et al., 2019). Thus, the
lack of effect for PrL–PVT projection manipulations on heroin
seeking in our chronically food-restricted rats is surprising.

Food restriction can increase the incentive value of reward-
paired cues (Anderson et al., 2013). Unpublished data from our
laboratory indicate that food restriction increases the incentive
value of heroin-associated cues in second-order conditioning
and choice procedures (Sedki et al., 2015; Society for
Neuroscience Annual Meeting abstract). Nonselective inhibi-
tion of the PVT resulted in a robust increase in cue-induced
reinstatement of cocaine seeking in rats that attribute predictive
value to reward cues (goal trackers), suggesting that the PVT
inhibits cue-triggered drug seeking (Kuhn et al., 2018). The
same group reported that chemogenetic inhibition of PrL–PVT
projections enhanced the incentive value of reward-paired cues
in goal trackers, while activation of PrL–PVT projections
decreased the incentive value in rats that attribute motivational
value to reward cues (sign trackers; Campus et al., 2019).
Accordingly, we hypothesized that activation of PrL–PVT pro-
jections would reduce the incentive value of the heroin-associ-
ated cue in our chronically food-restricted rats leading to
dampened heroin seeking. However, we did not prescreen our
rats to identify individual differences in incentive salience attri-
bution to cues. Thus, one possible reason for the lack of an
effect for PrL–PVT manipulations is that the different effects in
sign trackers and goal trackers blurred the overall effect.

Although the input from the PrL to the PVT plays a major
role in response to reward-associated cues (Otis et al., 2017),
including relapse to cocaine seeking (Giannotti et al., 2018),
other excitatory and inhibitory inputs integrate with cortical
input to control behavior (Otis et al., 2019). We believe that
GABAergic input from the zona incerta (ZI) or lateral hypothala-
mus (LHA) may play a role in the augmentation of heroin seek-
ing induced by chronic food restriction. Activation of the ZI–
PVT pathway elicits a strong feeding response (Zhang and van
den Pol, 2017). Additionally, the ZI–PVT pathway is activated in
response to food deprivation and by grehlin, an orexigenic hor-
mone, suggesting that the ZI–PVT pathway is sensitive to the
effects of caloric restriction (Zhang and van den Pol, 2017).
Furthermore, a dense input from the hypothalamus to the PVT
carries inhibitory GABAergic and peptidergic signals implicated
in arousal, feeding, energy homeostasis, and stress responses,
which are likely conveyed in PVT–NAcS projections (Millan et
al., 2017; Otis et al., 2019). Future studies will investigate whether
inhibition of the ZI–PVT or LHA–PVT pathway will attenuate
the augmentation of heroin seeking in our chronically food-re-
stricted rats.

Activation of projections from the PVT to the NAcS, but not
NAcC, blocked food restriction-induced augmentation of
heroin seeking
The attenuation of food restriction-induced augmentation of
heroin seeking observed following PVT–NAcS pathway activa-
tion agrees with our previous report that chemogenetic activa-
tion of the PVT blocked heroin seeking in food-restricted rats
(Chisholm et al., 2020). Our findings align with the idea pre-
sented by Kuhn et al. (2018) that the PVT output inhibits cue-
induced drug (and probably non-drug reward) seeking through

Figure 5. CNO infusion in PVT–NAcS projections expressing only mCherry did not alter
food restriction-induced augmentation of heroin seeking. Rats were intracranially adminis-
tered CNO (1 mM) into the NAcS 5–10min before the test. A, Mean6 SEM number of active
(left) and inactive (right) lever responses made during the 3 h heroin-seeking test on day 14
of food restriction in the Sated and FDR groups. pp, 0.05, compared with the Sated group.
B, Mean6 SEM number of active lever responses made over the 3 h test, presented in 1 h
time intervals. pp, 0.05 compared with the Sated group.
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attenuation of the incentive value of the cues. Accordingly, pho-
toactivation of PVT–NAcS neurons attenuated cued reward
seeking while photoinhibition enhanced it (Do-Monte et al.,
2017). An inhibitory role for the PVT–NAc pathway in regulat-
ing drug seeking is supported by the report that inhibition of this
pathway enhanced cue-induced reinstatement of cocaine seeking

(Wunsch et al., 2017). Notably, in the latter two
studies, the anterior PVT seems to be the critical
area while we targeted a more posterior area of
the PVT.

It is harder to reconcile our findings with the
reports that the inhibition of the PVT attenuates
cue-induced drug seeking. Transient pharmaco-
logical inhibition or lesioning of the PVT
attenuated discriminative cue-induced rein-
statement of cocaine and alcohol seeking
(Matzeu et al., 2015) and context-induced rein-
statement of alcohol seeking (Hamlin et al.,
2009; Marchant et al., 2010). Obvious differen-
ces from our study include a different drug-
seeking procedure (i.e., forced abstinence vs
reinstatement of extinguished behavior and ex-
posure to discrete vs discriminative or contex-
tual cues). Additionally, rats in the current
study were trained with heroin compared with
cocaine or alcohol as done in the reports by
Hamlin et al. (2009) and Marchant et al.
(2010), respectively. The neural circuits under-
lying different types of cue-induced drug-seek-
ing procedures (Fuchs et al., 2006) and
different drug categories (Badiani et al., 2011)
are distinct to a large extent. Finally, the inhibi-
tion of drug seeking was demonstrated by non-
selective inhibition or lesion of the whole PVT
(Hamlin et al., 2009; Marchant et al., 2010;
Matzeu et al., 2015). More recently, Keyes et al.
(2020) have reported that silencing of the PVT–
NAc pathway blocked morphine-associated
memory and prevented the expression of mor-
phine conditioned place preference (CPP).
However, direct comparisons with the current
study are not straightforward. CPP (classical
conditioning) and self-administration (instru-
mental conditioning) involve dissociable
brain circuits and reflect different aspects
of reward-associated learning (Bardo and
Bevins, 2000). In addition, morphine CPP, as
established in the study by Keyes et al. (2020),
results in relatively limited exposure to opi-
ates, while the rats in the current study had
extensive self-administration training fol-
lowed by prolonged abstinence. Both factors
may result in brain adaptations that differ
from the ones suggested by Keyes et al.
(2020).

It is unclear how the activation of NAcS
afferents from the PVT attenuates the augmen-
tation of heroin seeking in food-restricted rats.
Zhu et al. (2016) reported that chronic mor-
phine potentiates the transmission between the
PVT and the D2 receptor-expressing neuron in
the NAc. Thus, activation of the PVT–NAcS
pathway in heroin-abstinent rats could result in
activation of the D2 receptor-expressing “indi-

rect pathway” neurons and a punishment effect (Kravitz et al.,
2012). However, this mechanism cannot explain the specific
effect on heroin seeking in food-restricted rats. Earlier reports
suggested that excitatory inputs from the PVT interact with ace-
tylcholinergic (ACh) interneurons in the NAc (Meredith and

Figure 6. Chemogenetic activation of PVT–NAcC projections did not alter food restriction-induced augmentation of her-
oin seeking. Rats were intracranially administered CNO (1 mM) or vehicle into the NAcC 5–10min before the test. A, Mean
6 SEM number of active (left) and inactive (right) lever responses made during the 3 h heroin-seeking test on day 14 of
food restriction in the Sated and FDR groups. pp, 0.0001, compared with Sated groups. Insert, Representative section of
mCherry-tagged immunofluorescence in PVT–NAcC projections in the terminal region taken with a 20� objective.
B, Mean 6 SEM number of active lever responses made over the 3 h test, presented in 1 h time intervals.
pp, 0.001, FDR compared with Sated groups. C, Chemogenetic activation of PVT–NAcC projections
increased the number of Fos-IR cells in the NAcC of CNO-treated rats compared with vehicle-treated rats.
Rats were intracranially administered CNO (1 mM) or vehicle into the NAcC 90 min before the perfusion.
Mean 6 SEM number of Fos-IR cells in vehicle- and in CNO-treated rats who had their PVT–NAcC projec-
tions activated (left). pp, 0.05, vehicle compared with CNO treatment. Example Fos-IR in the NAcC of ve-
hicle- and CNO-treated subjects are also presented (right). All images were taken with a 20� objective.
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Wouterlood, 1990), which have a complex and potent impact on
nucleus accumbens medium spiny neurons because of their
extensive arborization (Contant et al., 1996). However, a more
recent investigation concluded that NAc afferents from the PVT
do not synapse directly onto ACh cells (Ligorio et al., 2009).
Nevertheless, there is strong evidence that PVT output can mod-
ulate (perhaps indirectly) ACh release in the NAc (Kelley et al.,
2005). ACh transmission in the NAc has been implicated in food
and drug seeking, with increases in extracellular levels of acetyl-
choline associated with food satiety (Avena and Rada, 2012).
Thus, activation of NAcS ACh interneurons could counteract
the food restriction-induced augmentation of heroin seeking.

Methodological considerations
To validate the DREADD manipulation effect, we verified that
chemogenetic manipulation of PrL–PVT and PVT–NAc path-
ways alters neural activity, indicating that the lack of effect fol-
lowing manipulations of the PrL–PVT and PVT–NAcC
pathways was unlikely because of a lack of DREADD efficacy.
Moreover, only rats with strong DREADD expression in both
the cell body and target terminal regions verified by robust
mCherry expression were included in the final analyses. Last,
because nonspecific effects for CNO administration have been
reported (Gomez et al., 2017), we verified that in rats expressing
only mCherry in the PVT–NAcS pathway the infusion of CNO
did not alter the augmentation of heroin seeking induced by
chronic food restriction.

Conclusion
Our findings extend current knowledge about the role of the
PVT and its projections in drug seeking. Importantly, a role for
the PVT–NAcS pathway in heroin seeking has been demon-
strated only in food-restricted rats. Our findings support the idea
that the PVT is recruited under challenging conditions. For
example (Choi et al., 2019) reported that the PVT is involved in
behavioral control only during conflict. The exact mechanisms
underlying this effect remain elusive.
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