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Divergent Prelimbic Cortical Pathways Interact with BDNF
to Regulate Cocaine-seeking
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A single BDNF microinfusion into prelimbic (PrL) cortex immediately after the last cocaine self-administration session decreases relapse
to cocaine-seeking. The BDNF effect is blocked by NMDAR antagonists. To determine whether synaptic activity in putative excitatory
projection neurons in PrL cortex is sufficient for BDNF’s effect on relapse, the PrL cortex of male rats was infused with an inhibitory
Designer Receptor Exclusively Activated by Designer Drugs (DREADD) viral vector driven by an �CaMKII promoter. Immediately after
the last cocaine self-administration session, rats were injected with clozapine-N-oxide 30 min before an intra-PrL BDNF microinfusion.
DREADD-mediated inhibition of the PrL cortex blocked the BDNF-induced decrease in cocaine-seeking after abstinence and cue-induced
reinstatement after extinction. Unexpectedly, DREADD inhibition of PrL neurons in PBS-infused rats also reduced cocaine-seeking,
suggesting that divergent PrL pathways affect relapse. Next, using a cre-dependent retroviral approach, we tested the ability of DREADD
inhibition of PrL projections to the NAc core or the paraventricular thalamic nucleus (PVT) to alter cocaine-seeking in BDNF- and
PBS-infused rats. Selective inhibition of the PrL-NAc pathway at the end of cocaine self-administration blocked the BDNF-induced
decrease in cocaine-seeking but had no effect in PBS-infused rats. In contrast, selective inhibition of the PrL-PVT pathway in PBS-infused
rats decreased cocaine-seeking, and this effect was prevented in BDNF-infused rats. Thus, activity in the PrL-NAc pathway is responsible
for the therapeutic effect of BDNF on cocaine-seeking whereas inhibition of activity in the PrL-pPVT pathway elicits a similar therapeutic
effect in the absence of BDNF.
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Introduction
Glutamatergic output from the dorsomedial PFC to subcortical
regions regulates cognitive, emotional, and motivational pro-

cesses, including relapse to stimuli predicting the availability of
addictive drugs (Moorman et al., 2015; Koob and Volkow, 2016).
In rodents, the prelimbic (PrL) subdivision of the PFC has
emerged as the primary cortical region that promotes relapse to
drug-seeking (Kalivas and Volkow, 2005). Pharmacological or
optogenetic inactivation of PrL cortex after extinction training
and immediately before various relapse tests decreases cocaine-
seeking (McFarland and Kalivas, 2001; Stefanik et al., 2016). In
contrast, pharmacological inactivation of PrL cortex immedi-
ately after the end of cocaine self-administration (SA) has no
effect on relapse likely because the predominant effect of cocaine
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Significance Statement

The major issue in cocaine addiction is the high rate of relapse. However, the neuronal pathways governing relapse remain unclear.
Using a pathway-specific chemogenetic approach, we found that BDNF differentially regulates two key prelimbic pathways to
guide long-term relapse. Infusion of BDNF in the prelimbic cortex during early withdrawal from cocaine self-administration
decreases relapse that is prevented when neurons projecting from the prelimbic cortex to the nucleus accumbens core are inhib-
ited. In contrast, BDNF restores relapse when neurons projecting from the prelimbic cortex to the posterior paraventricular
thalamic nucleus are inhibited. This study demonstrates that two divergent cortical outputs mediate relapse that is regulated in
opposite directions by infusing BDNF in the prelimbic cortex during early withdrawal from cocaine.
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is to decrease global neuronal activity and signaling in the PrL
cortex (Chang et al., 1998; Go et al., 2016; Dennis et al., 2018).
Moreover, within 2 h after the end of cocaine SA, there is a
marked decrease in tyrosine phosphorylation of ERK/MAP ki-
nase and the NMDA receptor subunits, GluN2A and GluN2B
(Whitfield et al., 2011; Go et al., 2016). A single intra-PrL micro-
infusion of BDNF immediately after the last cocaine SA session
attenuates subsequent relapse (Berglind et al., 2007) and normal-
izes phosphorylation of ERK, CREB, GluN2A, and GluN2B (Whit-
field et al., 2011; Go et al., 2016). NMDA receptor-mediated
synaptic activity within the PrL cortex is essential for BDNF-
mediated suppression of cocaine-seeking because an intra-PrL
microinfusion of either GluN2A or GluN2B inhibitors prevents
the BDNF-mediated normalization of NMDAR phosphorylation
and blocks the suppressive effect of BDNF on cocaine-seeking
(Go et al., 2016). However, NMDA receptors and TrkB, the cog-
nate receptor for BDNF, are expressed by both interneurons and
pyramidal projection neurons in the PFC (Povysheva and John-
son, 2012), obscuring the cellular site of action of BDNF. To
begin to dissect BDNF’s cellular site of action, here we investigated
whether BDNF’s effect on relapse depends on activity within discrete
populations of pyramidal projection neurons in the PFC using a viral
vector-mediated DREADD (Designer Receptors Exclusively Acti-
vated by Designer Drugs) approach. We found that an inhibitory
DREADD (hM4Di) expressed under the control of the �CaMKII
promoter, which putatively targets cortical excitatory neurons
within the PrL cortex (Dittgen et al., 2004; Nathanson et al., 2009),
blocked the BDNF-mediated decrease in cocaine-seeking after absti-
nence and extinction. Unexpectedly, this DREADD-mediated inhi-
bition in the absence of exogenous BDNF also suppressed relapse,
suggesting potential mediation of relapse by divergent PrL pathways.
Based on our previous observation that intra-PrL administration of
BDNF normalizes the cocaine-induced reduction in extracellular
glutamate in the NAc core (Berglind et al., 2009), we selec-
tively inhibited neurons projecting from the PrL cortex to the
NAc core before an intra-PrL BDNF infusion. We found that
inhibition of PrL-NAc core neurons blocked the BDNF-induced
suppression of relapse without affecting relapse in PBS-infused rats,
indicating that the �CaMKII-driven hM4Di-mediated decrease in
relapse is not mediated by PrL-NAc core pathway inhibition.

To determine what PrL pathway mediates the ability of
�CaMKII-driven hM4Di to decrease relapse independently of
BDNF, we focused on the paraventricular thalamic nucleus
(PVT) for several reasons. First, PVT plays a crucial role in mod-
ulating motivational behaviors, including relapse to drug-seeking
(James and Dayas, 2013; Kirouac, 2015; Matzeu et al., 2015;
Millan et al., 2017; Kuhn et al., 2018). Second, layer VI neurons
within the PrL cortex provide a major source of innervation to
the PVT (Li and Kirouac, 2012; Millan et al., 2017). Third, dis-
tinct neuronal ensembles within the PrL cortex projecting to
either NAc core or PVT show opposite neuronal activity in re-
sponse to reward-associated conditioned cues (Otis et al., 2017).
Accordingly, we found that chemogenetic inhibition of PrL neu-
rons projecting to the posterior part of PVT (pPVT) immediately
after the last cocaine SA session decreased relapse to cocaine-
seeking after abstinence and extinction, and this effect was
blocked by BDNF.

Materials and Methods
Animals. Male Sprague Dawley rats (N � 167, Charles River Laborato-
ries) weighing 275–325 g upon arrival were individually housed in ven-

tilated cages in a temperature and humidity-controlled room on a 12:12
reverse light/dark cycle (lights off at 6:00 A.M., lights on at 6:00 P.M.).
Rats had ad libitum access to standard rat chow (Harlan) and water
before experimental manipulations. All experiments and procedures
were conducted during the dark cycle and approved by the Institutional
Animal Care and Use Committee of the Medical University of South
Carolina and were performed according to the Guide for the care and use
of laboratory animals (National Institutes of Health, 2011). In Experi-
ment 1a, 36 rats were divided into 4 groups: eGFP-PBS (N � 11), eGFP-
BDNF (N � 10), hM4Di-PBS (N � 6), and hM4Di-BDNF (N � 9). In
Experiment 1b, 9 rats were divided into 2 groups: eGFP-PBS (N � 5) and
hM4Di-PBS (N � 4). In Experiment 2, 26 rats were divided into 4
groups: mCherry-PBS (N � 7), mCherry-BDNF (N � 7), hM4Di-PBS
(N � 6), and hM4Di-BDNF (N � 6). In Experiment 3, 38 rats were
divided into 4 groups: mCherry-PBS (N � 13), mCherry-BDNF (N � 7),
hM4Di-PBS (N � 11), and hM4Di-BDNF (N � 7). In Experiment 4, 16
rats were divided into 2 groups: mCherry (N � 8) and hM4Di (N � 8).
For Fos analysis in pPVT and PrL cortex, 14 rats were divided into 2 groups:
yoked saline (N � 8) and cocaine SA (N � 6). As specified in Results, we
excluded from our analysis 28 rats, due to sickness or infection (N � 6), lack
of virus expression or missed cannula placement (N � 13), lost a head cap
(N � 6), or statistical outliers (N � 3) for a final N � 139.

Viral vectors. All viral procedures and constructs used in this study
were approved by the Medical University of South Carolina Institutional
Biosafety Committee. In Experiments 1a and 1b, AAV5-�CaMKII-eGFP
(titer 4 � 10 12 vg/ml) and AAV5-�CaMKII-hM4Di-mCherry (titer
4.3 � 10 12 vg/ml) were obtained from the University of North Carolina
viral vector core (Chapel Hill, NC). In Experiments 2, 3, and 4, Cre-
dependent viral vectors were purchased from AddGene and were used to
selectively infect neurons projecting from the PrL cortex to either the
NAc core or PVT. The PrL-injected vectors were AAV5-hSyn-DIO-
mCherry (titer 4.8 � 10 12 vg/ml) and AAV5-hSyn-DIO-hM4Di-
mCherry (titer 4.7 � 10 12 vg/ml). In Experiment 2, a retrogradely
transported canine adenovirus type 2 (CAV2) virus expressing a Cre-
eGFP (CAV2-Cre-eGFP) fusion protein under a CMV promoter (titer of
7.3 � 10 12 vg/ml, diluted 1:1 in sterile 10 mM PBS for a final titer of
�3.6 � 10 12 vg/ml-Institut de Génétique Moléculaire de Montpellier)
was used. In Experiment 3 and 4, a retrogradely transported AAV
(AAVrg) (Tervo et al., 2016) expressing a Cre-BFP fusion protein
(AAVrg-Cre-BFP) under a pmSyn promoter (titer 5.5 � 10 12 vg/ml-
AddGene) was used.

Surgical procedures and viral infusions. Rats were anesthetized with a
mixture of ketamine (66 mg/kg, i.p.) and xylazine (1.33 mg/kg, i.p.)
followed by equithesin (0.5 ml/kg, i.p.) and ketorolac (2.0 mg/kg, i.p.) to
provide analgesia. One end of a Silastic catheter (Thermo Fisher Scien-
tific) was placed into the right jugular vein through a small incision and
threaded subcutaneously to an infusion cannula (Plastics One) mounted
on the animal’s back. The antibiotic cephazolin (10 mg/0.1 ml; 0.1 ml
i.v.) and the antibacterial solution, taurolidine-citrate catheter solution
(0.05 ml i.v.) were infused after surgery and for 5 d of recovery. After
catheterization, the rats were placed in a stereotaxic apparatus (Kopf
Instruments) for intracranial surgeries. In Experiments 1a and 1b, the
PrL cortex of rats was bilaterally cannulated with a 26-gauge double
barrel steel guide cannula (Plastics One) using the following coordinates
relative to bregma: 2.8 mm anteroposterior, �0.6 mm mediolateral, and
�2.8 mm dorsoventral. Cannulae were anchored to the skull with cra-
nioplastic cement and steel screws (Plastics One). Following 1 week of
recovery, rats were lightly anesthetized with ketamine/xylazine, and the
PrL cortex was infused bilaterally with 0.75 �l of AAV5-�CaMKII-eGFP
or AAV5-�CaMKII-hM4Di-mCherry using a microinjector (Plastics
One) that extended 1 mm beyond the implanted cannula and a gas-tight
Hamilton syringe mounted on a microinfusion pump (Harvard Appara-
tus). The injectors were left in place for 10 min to allow for diffusion of
the virus. In Experiment 2, the NAc core of rats was infused bilaterally
with 0.75 �l of CAV2-Cre-eGFP (10° angle, bregma: 1.6 mm anteropos-
terior, �2.8 mm mediolateral, �7.1 mm dorsoventral) using a Nanoject
Auto-Nanoliter Injector (Drummond Scientific), and the glass pipettes
were left in place for 10 min to allow for diffusion of the virus. The PrL
cortex of rats was then cannulated as described above. After 1 week of
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recovery, the PrL cortex was infused bilaterally with 0.75 �l of AAV5-
hSyn-DIO-mCherry or AAV5-hSyn-DIO-hM4Di-mCherry. In Experi-
ment 3, the PVT of rats was infused with 0.3 �l of AAVrg-Cre-BFP (25°
angle, bregma: �3 mm anteroposterior, 2.42 mm mediolateral, �5.74
mm dorsoventral) with a Nanoject injector, and the PrL cortex was either
bilaterally cannulated for later infusion or infused at the time of surgery
with 0.75 �l of AAV5-hSyn-DIO-mCherry or AAV5-hSyn-DIO-hM4Di-
mCherry using the Nanoject injector. In Experiment 4, the PVT of rats
was infused with 0.3 �l of AAVrg-Cre-BFP, and the PrL cortex was
bilaterally infused with 0.75 �l of AAV5-hSyn-DIO-mCherry or AAV5-
hSyn-DIO-hM4Di-mCherry with the Nanoject injector. The infusion
rate was 0.15 �l per minute in all experiments.

Cocaine SA and post-SA infusions. Following recovery, rats were food-
restricted to 20 g of chow 1 d before and during SA training to facilitate
learning. Rats were trained to self-administer cocaine on a fixed ratio
(FR) 1 schedule of reinforcement during 2 h sessions for 14 d in operant
boxes housed in sound-attenuating ventilated chambers (Med Associ-
ates). Rats were trained to press the active lever to self-administer cocaine
hydrochloride (0.2 mg/infusion; NIDA Drug Supply Program) paired
with light and tone (78 db, 4.5 kHz) cues, followed by a 20 s timeout
whereupon an active lever press resulted in no programmed conse-
quences. Pressing the inactive lever had no programmed consequences.
SA criterion was set at a minimum of 10 cocaine infusions/d for 14 d.
Immediately after the last cocaine SA session, all the animals were in-
jected with 10 mg/kg (i.p.) of clozapine-N-oxide (CNO-NIDA Drug
Supply Program) in 5% DMSO with 0.9% sterile saline. This dose of
CNO has been effectively used without side effects in several published
studies (Mahler et al., 2014; Augur et al., 2016). Thirty minutes later, the
PrL cortex of rats was bilaterally infused with 0.5 �l BDNF (0.75 �g/�l/
side, R&D Systems) or 10 mM sterile PBS (rate of 0.25 �l/min), using an
injector that extended 1 mm below the cannula tip. The injector re-
mained in place for an additional 2 min following infusions.

Abstinence, extinction, and relapse testing. Rats underwent 6 d of absti-
nence in their home cages with food ad libitum followed by a 2 h postab-
stinence context-induced relapse test (PA test) under extinction
conditions, whereupon lever presses were recorded but had no pro-
grammed consequences. The PA test represents the first day of extinction
training after abstinence in the drug-associated context when cocaine-
seeking rates are highest. After at least 5 d of additional extinction train-
ing (days 2– 6) to a criterion of �25 active lever presses for 2 consecutive
days, rats underwent a 2 h cue-induced reinstatement test (cue test) in
which an active lever press resulted in presentation of the previously
drug-paired cue complex, but no drug infusion, followed by a 20 s time-
out whereupon an active lever press resulted in no programmed conse-
quences. Rats were perfused immediately after the cue test. One week
after the cue test, the animals of Experiment 1b were used to investigate
functionality of �CaMKII-driven hM4Di DREADD. Five rats (eGFP,
N � 2; and hM4Di, N � 3) received an injection of CNO (10 mg/kg, i.p.)
30 min before an injection of cocaine (10 mg/kg, i.p.), and transcardially
perfused 2 h after the cocaine injection. To investigate Fos induction in
the PrL cortex and pPVT, a different cohort of rats underwent cocaine
SA, and each rat in the SA group was paired with a yoked-saline rat that
received a saline infusion and presentation of conditioned stimuli when
the counterpart received an infusion of cocaine. Rats were transcardially
perfused 2 h after the last cocaine SA session.

Sucrose SA and seeking. In Experiment 4, following recovery from viral
infusions, rats were food-restricted to 20 g of chow 1 d before and during
SA training to facilitate learning. Rats were trained to self-administer
sucrose on a FR1 schedule of reinforcement for 10 d (2 h session) in
operant chambers (Med Associates). Presses on the active lever resulted
in delivery of a single 45 mg chocolate-flavored sucrose pellet (Bio-Serv)
paired with light and tone cues (78 db, 4.5 kHz), followed by a 20 s
time-out whereupon active lever presses were recorded but resulted in no
programmed consequences. Immediately after the last sucrose SA ses-
sion, rats were injected with CNO (10 mg/kg, i.p.) as described above.
Rats then underwent 6 d of abstinence in their home cages with food
available ad libitum followed by a 2 h PA test under extinction conditions,
extinction to criterion over 5 additional sessions, and a 2 h cue test. Rats
were perfused immediately after the cue test.

Immunohistochemistry. Rats were anesthetized with a mixture of ket-
amine/xylazine and transcardially perfused with ice-cold 0.1 M PBS, pH
7.3, followed by 4% ice-cold PFA (pH 7.3 in 0.1 M PBS) at a rate of 60 –70
ml/min. Brains were extracted and postfixed for 1 h at 4°C in 4% PFA,
before transferring them to a 30% sucrose solution in 0.1 M PBS for 48 h
at 4°C. Serial coronal sections (50 – 60 �m) were obtained with a Leica
cryostat and collected in chilled 0.1 M PBS containing 0.01% sodium
azide and stored at 4°C until processed. Sections were blocked for 2 h at
room temperature in PBS-Triton X-100 (0.3%, PBS-T) with 2% normal
goat serum (Jackson ImmunoResearch Laboratories) and incubated
overnight at room temperature with anti-GFP (Abcam catalog #ab13970
RRID:AB_300798, 1:1000), anti-�CaMKII (Thermo Fisher Scientific
catalog #MA1-048 RRID:AB_325403, 1:1000), anti-mCherry (LifeSpan,
catalog #LS-C204825, RRID:AB_2716246, 1:1000), anti-Fos (Santa Cruz
Biotechnology catalog #sc-52, RRID:AB_2106783, 1:1000), or anti-BFP
(Abcam, catalog #ab32791, RRID:AB_873781, 1:1000) primary antisera.
Sections were washed 3 � 5 min with PBS-T, then incubated in species-
specific secondary antisera. Secondary antisera used were goat anti-
chicken conjugated to AlexaFluor-488 (Abcam catalog #ab150169, RRID:
AB_2636803, 1:1000), goat anti-mouse AlexaFluor-488 (Abcam catalog
#ab150077, RRID:AB_2630356, 1:1000), goat anti-rabbit AlexaFluor-594
(Cell Signaling Technology, catalog #8889, RRID:AB_2716249, 1:1000),
goat anti-chicken AlexaFluor-594 (Abcam, catalog #ab150176, RRID:
AB_2716250, 1:1000), and goat anti-mouse AlexaFluor-647 (Abcam cat-
alog #ab150115, RRID:AB_2687948) for 2 h in PBS-T at room
temperature. Sections were then washed 3 � 5 min in PBS-T, mounted
on slides, coverslipped with ProLong Gold anti-fade reagent (Invitro-
gen), and stored at 4°C until imaging.

Confocal microscopy. Images were obtained using a Leica SP5 laser
scanning confocal microscope equipped with an argon (Ar 488 nm),
helium-neon (He-Ne 568 nm), and helium-neon (He-Ne 633 nm) lasers.
For DREADD expression in PrL cortex, AlexaFluor-594-labeled hM4Di-
mCherry was excited using the 568 nm laser. z stack (�30 �m) images
were obtained with a 10� air objective (1024 � 1024 frame size, 12-bit
image resolution, 4 frame averages, 1.5 �m step size) for each hemi-
sphere, compressed into a single plane and stitched together into a single
image using the “Stitching” plugin of ImageJ software (National Insti-
tutes of Health). For axon terminal expression and injection site verifi-
cation, z stack (�30 �m) images were obtained at 10� and compressed
into a single plane in ImageJ. In NAc core, AlexaFluor-594-labeled
hM4Di-mCherry-expressing terminals were excited using the 568 nm
laser and AlexaFluor-488-labeled eGFP was excited using the 488 nm
laser. For terminal expression and injection site verification in the PVT,
AlexaFluor-594-labeled hM4Di-mCherry-expressing terminals were ex-
cited using the 568 nm laser and AlexaFluor-647-labeled BFP was excited
using the 633 nm laser.

Fos quantitation, BFP profile, colocalization analysis, and integrated
density. z stack (�30 �m) images were captured with a Leica SP5 confo-
cal microscope (20� air objective, 1024 � 1024 frame size, 12-bit reso-
lution, 4 frame averages, 1.5 �m step size). In eGFP-expressing animals,
Alexa-594-labeled Fos was excited using the 568 nm laser. In the hM4Di-
mCherry expressing animals, Alexa-488-labeled Fos was excited using
the 488 nm laser and Alexa-594-labeled hM4Di-mCherry was excited
using the 568 nm laser. Confocal images were then imported into Imaris
software (Bitplane), automatic threshold was set, and the number of
Fos � and hM4Di-mCherry � neurons in the PrL cortex, as well as the
BFP profile was automatically measured using the Imaris spot detection
function. Colocalization analysis was performed using the colocalize spot
function in Imaris. The number of Fos � and hM4Di-mCherry � neu-
rons, BFP, as well as the number of colocalized spots were then averaged
for each hemisphere within each section across 3 or 4 sections per rat. For
colocalization analysis of �CaMKII with hM4Di-mCherry, images were
captured with 20� air objective and manual counts were performed on
merged z projections from each image by overlaying the sections with a
grid and using the counter tool option in ImageJ. Colocalization of
hM4Di-mCherry in �CaMKII-positive neurons is expressed as a per-
centage of mCherry-positive neurons.

For integrated density analysis of virus expression in mPFC (Experi-
ment 1), images were acquired with a Nikon Eclipse E-600 fluorescence
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microscope equipped with a CCD camera by using a 2� air objective.
Exposure time was the same throughout the acquisition process. For
integrated density of terminals in the pPVT, z stacks (�20 �m) were
captured with a Leica SP5 confocal microscope (10� air objective,
1024 � 1024 frame size, 12-bit resolution, 4 frame averages, 1.5 �m step
size). Settings (argon laser power � 31%, scan speed � 400 Hz, pin-
hole � 1.2 airy units, offset � �2.3%, smart gain � 868.1) were opti-
mized initially and then held constant throughout the study to ensure
that all images were digitized under the same illumination conditions.
Images were imported into ImageJ and ROIs for anterior cingulate
(Cg1), PrL and infralimbic (IL) cortices as well as pPVT were created and
used similarly on all sections. The corrected integrated density (reported
in figures as “Integrated Density”) was calculated as integrated density of
ROI-background value and averaged across 4 sections for each animal.

Experimental design and statistical analysis. All statistical analyses were
performed using Stata MP14 (Stata). Lever presses for all cocaine and
sucrose SA data were analyzed with a three-way mixed model ANOVA
for repeated measures with the between-subjects factor, virus (eGFP or
mCherry and hM4Di) and the within-subjects factor, lever (active and
inactive) and session. In Experiments 1a, 2, and 3, active and inactive
lever responses for the PA test and cue test were analyzed separately with
a three-way mixed-factorial ANOVA with virus (eGFP or mCherry and
hM4Di) and infusion (PBS and BDNF) as the between-subjects factors
and the time point as within-subjects factor. Sidak pairwise comparison
tests were performed when a significant interaction was observed. Active
and inactive lever responses for the additional extinction sessions follow-
ing the PA test were analyzed with a four-way repeated-measures
ANOVA with virus (eGFP or mCherry and hM4Di) and infusion (PBS
and BDNF) as between-subjects factor and lever (active and inactive) and
session as the within-subjects factor. In Experiments 1b and 4, active and
inactive lever responses for the PA test and cue test were analyzed sepa-
rately with a two-way mixed-factorial ANOVA with virus (eGFP or
mCherry and hM4Di) as the between-subjects factor and time point as
the within-subjects factor. Active and inactive lever responses for the 5
additional extinction sessions after the PA test were analyzed separately
with a three-way mixed-factorial ANOVA with virus (eGFP or mCherry
and hM4Di) as the between-subjects factor and lever (active and inac-
tive) and session as the within-subjects factor. Because the multifactorial
ANOVAs yielded multiple main and interaction effects, we only report
significant effects that are critical for data interpretation. Statistical out-
liers were detected with a Grubbs test (when only one outlier was sus-
pected) or with “R” Statistics software (R Core Team, Vienna, Austria) by
running the Tietjen-Moore test and confirmed by the Rosner Test and
Absolute Deviation Around the Median (when more than one outlier
was suspected in a group). Cocaine-induced Fos-immunoreactivity (IR)
data were analyzed with a two-tailed Student’s t test with Welch’s correc-
tion. Correlation analyses were performed using a Pearson’s correlation

test. Statistical significance threshold was set at 0.05, and all data are
graphically represented as the mean � SEM.

Results
Histology
Schematic mapping of the cannulae placements for rats in Exper-
iments 1–3 is shown in Figure 1.

Experiment 1: global chemogenetic inhibition of PrL
projection neurons blocks BDNF-dependent, and drives a
BDNF-independent, decrease in cocaine-seeking
In Experiment 1a, 48 rats underwent surgery; 3 rats died from
surgical complications or infection, 3 rats lost head caps, 4 were
excluded due to missed cannula placements or lack of viral infec-
tion, and 2 were removed as statistical outliers for a final N � 36.
A schematic of the viral infusion and the experimental timeline is
shown in Figure 2A. As shown in Figure 2B, viral expression was
largely confined to the PrL cortex. Integrated density of hM4Di-
mCherry-IR in the medial PFC revealed that 29.1% of the virus
expression was in Cg1, 58.6% in PrL, and 12.3% was in IL cortex.
To validate the cell specificity of the infection, immunostaining
was performed for �CaMKII and the hM4Di-mCherry tag. Co-
localization analysis revealed that 86.4% of mCherry� neurons
also expressed �CaMKII-IR (Fig. 2C). These results agree with a
previous report that �80% of somatosensory cortical neurons
infected in vivo with AAV-�CaMKII-driven constructs are excit-
atory neurons in layers V-VI of mice (Nathanson et al., 2009).
Validation of DREADD activity revealed that hM4Di-mediated
inhibition significantly decreased the number of cells expressing
Fos-IR in the PrL cortex induced by a 10 mg/kg, intraperitoneal
injection of cocaine by �30% compared with eGFP control rats
(eGFP vs hM4Di, t(4) � 4.588, p � 0.01; Fig. 2D), and only 9% of
Fos� neurons were also hM4Di-mCherry� (eGFP vs Fos�
mCherry, t(4) � 15.17, p � 0.006; Fig. 2D). Rats learned to dis-
criminate between the active and inactive levers quickly, and
there were no differences in active or inactive lever pressing for
cocaine between eGFP- and hM4D(Gi)-expressing rats over 14 d
(session � lever interaction: F(13,892) � 3.53, p � 0.001; session �
virus � lever interaction: F(13,892) � 1.06, p 	 0.05; Figure 2E).
Immediately after the last cocaine SA session, rats expressing ei-
ther eGFP or hM4Di in the PrL cortex were injected with CNO
(10 mg/kg, i.p.) followed 30 min later by a single intra-PrL mi-
croinfusion of either PBS or BDNF. After 1 week of home-cage

Figure 1. Schematic depiction of cannula placements in the PrL cortex in Experiments 1a, 1b, 2, and 3. Black dots indicate ventral point of the cannula tract. Animals with placements outside the
area of interest were excluded.
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abstinence, rats underwent a PA context-induced relapse test (PA
test) under extinction conditions (Fig. 2F). Statistical analysis
revealed a significant interaction between virus and intracranial
infusion (F(1,32) � 12.50, p � 0.001) and a time point � virus �
intracranial infusion interaction (F(1,32) � 10.93, p � 0.002). Si-
dak pairwise comparisons revealed that eGFP-expressing rats in-
fused with PBS pressed the active lever significantly more during
the PA test compared with the last 3 sessions of SA, indicating that
a CNO injection in eGFP control rats did not affect their ability to
relapse. As expected, a single intra-PrL infusion of BDNF de-
creased active lever pressing in eGFP-expressing rats and chemo-
genetic inhibition with hM4Di blocked the BDNF-mediated
decrease (eGFP-BDNF vs eGFP-PBS: p � 0.0127; hM4Di-BDNF

vs eGFP-BDNF: p � 0.0002). Unexpectedly, however, hM4Di-
mediated inhibition decreased cocaine-seeking in PBS-infused
rats, similar to the BDNF effect on cocaine-seeking (hM4Di-PBS
vs eGFP-PBS: p � 0.0398; hM4Di-BDNF vs hM4Di-PBS: p �
0.0019). Following the PA test, rats extinguished lever pressing
over an additional 5 extinction sessions, and there were no dif-
ferences in the rate of extinction between experimental groups
(session: F(4,288) � 25.82, p � 0.001; session � lever interaction:
F(4,288) � 7.81, p � 0.001; session � virus � infusion � lever
interaction: F(4,288) � 0.19, p 	 0.05; Figure 2G). Following ex-
tinction, rats underwent a cue test (Fig. 2H). Statistical analysis
revealed a virus � intracranial infusion interaction (F(1,32) �
10.67, p � 0.002) and a time point � virus � intracranial infu-

Figure 2. Chemogenetic inhibition of PrL excitatory neurons blocks BDNF-induced suppression of cocaine-seeking. A, Schematic illustration of the viral vector targeting approach and timeline for
Experiment 1a. B, Representative image showing the expression of �CaMKII-driven hM4Di-mCherry in PrL cortex and integrated density of viral spread within the medial PFC. C, Validation of the
cell-type specificity of the �CaMKII-hM4Di DREADD in �CaMKII � neurons and colocalization analysis. Scale bar, 20 �m. D, Validation of hM4Di functionality: activation of hM4Di attenuates acute
cocaine-evoked Fos induction versus eGFP-expressing rats. *p � 0.05, ***p � 0.001. White arrows indicate colocalization between hM4Di-mcherry and Fos. Scale bar, 40 �m. E, Acquisition and
maintenance of cocaine SA. F, Post-abstinence context-induced relapse test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 3 d of SA. Right, Active and inactive lever
presses during the 2 h test. *p � 0.05 versus eGFP-PBS. ###p � 0.001 versus eGFP-BDNF. ^^p � 0.01 versus hM4Di-PBS. G, Following the PA test, rats extinguished lever pressing over an
additional 5 sessions. H, Cue-induced reinstatement test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 2 d of extinction. Right, Active and inactive lever presses
during the 2 h test. **p � 0.01 versus eGFP-PBS. ##p � 0.01 versus eGFP-BDNF. ^^p � 0.01 versus hM4Di-PBS.
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sion interaction (F(1,32) � 10.96, p � 0.002). eGFP control rats
pressed the active lever significantly more during the cue test
compared with the last 2 d of extinction. As expected, infusion of
BDNF decreased active lever responses in eGFP-expressing rats,
and chemogenetic inhibition of PrL neurons blocked this effect
(eGFP-BDNF vs eGFP-PBS: p � 0.0078; hM4Di-BDNF vs eGFP-
BDNF: p � 0.0067). However, as observed in the PA test, chemo-
genetic inhibition significantly decreased active lever pressing
during the cue test in PBS-infused rats (hM4Di-PBS vs eGFP-
PBS: p � 0.007; hM4Di-BDNF vs hM4Di-PBS: p � 0.006).

A previous study showed that expression of a hM4Di-
DREADD in sensory neurons caused CNO-independent changes
in Ca 2� and Na� currents (Saloman et al., 2016). Accordingly,
we conducted a control experiment (Experiment 1b) in the ab-
sence of CNO (Fig. 3A). Rats learn to discriminate between the
active and inactive levers quickly, and there were no differences
between eGFP- and hM4Di-expressing rats (session: F(13,189) �
1.82, p � 0.0423; session � lever interaction: F(13,189) � 1.81, p �
0.0440; session � virus � lever interaction: F(13,189) � 0.74, p 	
0.05; Figure 3B). When rats were injected with 5% DMSO vehicle
followed by an intra-PrL PBS microinfusion immediately after
the last cocaine SA session, there was no difference in active lever
pressing between groups expressing eGFP and hM4Di during the
PA test (Fig. 3C). Following the PA test, rats extinguished lever
pressing over an additional 5 extinction sessions, and there were
no differences in the rate of extinction between experimental
groups (session: F(4,63) � 6.01, p � 0.001; session � lever inter-
action: F(4,63) � 3.54, p � 0.0114; virus � session � lever inter-
action: F(4,63) � 0.86, p 	 0.05; Figure 3D). Following extinction,
rats underwent a cue test (Fig. 3E), and there was no difference in
active lever pressing between groups.

Experiment 2: selective inhibition of PrL neurons projecting
to NAc core blocks BDNF-induced decrease in
cocaine-seeking
A schematic of the viral infusion and the experimental timeline
are depicted in Figure 4A. Thirty-two rats underwent surgery: 1

rat died from intracranial surgical complications, 4 rats were re-
moved due to lack of viral expression or missed target, and 1 rat
was a statistical outlier (final N � 26). Cre-dependent hM4Di
expression was verified by mCherry-IR in PrL neurons and in
NAc core terminals, and the CAV2-Cre injection site was verified
via eGFP-IR (Fig. 4B). Rats acquired and maintained cocaine SA
over 14 d, and there were no differences between mCherry- and
hM4Di-expressing rats (session � lever interaction: F(13,629) �
2.52, p � 0.0023; session � virus � lever interaction: F(13,629) �
1.24, p 	 0.05; Figure 4C). Immediately after the last cocaine
session, mCherry controls and hM4Di-expressing rats were in-
jected with CNO (10 mg/kg, i.p.) and infused with PBS or BDNF
in the PrL cortex 30 min later. After 1 week of abstinence, the rats
underwent a PA test (Fig. 4D). Statistical analysis of active lever
presses revealed a virus � intracranial infusion interaction
(F(1,22) � 7.31, p � 0.013) and an interaction between time point,
virus, and intracranial infusion (F(1.22) � 4.50, p � 0.045). Sidak
pairwise comparisons revealed that mCherry rats infused with
PBS pressed the active lever significantly more during the PA test
compared with the last 3 sessions of SA, indicating that CNO
injection in mCherry control rats did not prevent relapse. As
expected, infusion of BDNF decreased relapse in mCherry-
expressing rats and chemogenetic inhibition of PrL-NAc core
neurons blocked BDNF’s inhibitory effect on cocaine-seeking
(mCherry-BDNF vs mCherry-PBS: p � 0.015; hM4Di-BDNF vs
mCherry-BDNF: p � 0.0025). In contrast to the decrease in
cocaine-seeking after �CaMKII-driven chemogenetic inhibition
of PrL neurons in Experiment 1a, inhibition of PrL-NAc core
neurons did not decrease relapse in the absence of BDNF. Rats
extinguished lever pressing over an additional 5 extinction ses-
sions following the PA test; there were no differences in the rate of
extinction on these days between experimental groups (session:
F(4,198) � 15.63, p � 0.001; session � lever interaction: F(4,198) �
4.55, p � 0.0016; session � virus � infusion � lever interaction:
F(4,198) � 0.28, p 	 0.05; Figure 4E). Following extinction, rats
underwent a cue test (Fig. 4F). Statistical analysis of active lever
presses revealed a significant time point � virus � intracranial

Figure 3. �CaMKII-driven hM4Di-mediated attenuation of cocaine-seeking requires CNO-mediated activation of hM4Di DREADD. A, Schematic illustration of the viral vector targeting approach
and timeline for Experiment 1b. B, Acquisition and maintenance of cocaine SA. C, Post-abstinence context-induced relapse test. Left, Active and inactive (white bars) lever presses during the last 3 d
of SA. Right, Active (colored bars) and inactive (white bars) lever presses during the 2 h test. ***p � 0.001 versus last 3 d of SA. D, Following the PA test, rats extinguished lever pressing over an
additional 5 sessions. E, Cue-induced reinstatement test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 2 d of extinction. Right, Active and inactive lever presses
during 2 h test. ***p � 0.001 versus last 2 d of extinction.
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infusion interaction (F(1,22) � 4.53, p � 0.044). Control mCherry
rats infused with PBS pressed the active lever significantly more
during the cue test compared with the last 2 d of extinction. As
expected, mCherry-expressing rats infused with BDNF pressed
the active lever significantly less than PBS-infused rats during the
cue test and chemogenetic inhibition of PrL-NAc core neurons
blocked BDNF’s inhibitory effect on cocaine-seeking in this test
(mCherry-BDNF vs mCherry-PBS: p � 0.045; hM4Di-BDNF vs
mCherry-BDNF: p � 0.011). As in the PA test, inhibition of
PrL-NAc core neurons did not decrease reinstatement during the
cue test in the absence of BDNF.

Experiment 3: selective inhibition of PrL neurons projecting
to pPVT decreases cocaine-seeking
To identify a neuronal pathway that mediates hM4Di-induced
decreases in cocaine-seeking in PBS-infused rats as observed in
Experiment 1a, we investigated terminal expression in brain re-
gions receiving projections from the PrL cortex (Gabbott et al.,
2005) in those rats. In the hM4Di-expressing rats, there was dense
terminal expression in thalamic nuclei and, in particular, in the
posterior aspect of the PVT. Interestingly, analyses of the inte-
grated density of pPVT terminal expression showed a negative
correlation with the amount of active lever presses during both
the PA (r 2 � 0.7584, p � 0.0239; Fig. 5A) and the cue test (r 2 �
0.8565, p � 0.008; Fig. 5B) in Experiment 1a. Moreover, 2 h after

the last cocaine SA session, we found an increase in Fos-IR in the
pPVT (t(7) � 5.147, p � 0.0028, unpaired t test with Welch’s
correction; Fig. 5C, top) and in layer VI of the PrL cortex (t(7) �
2.783, p � 0.0376, unpaired t test with Welch’s correction; Fig.
5C, bottom), indicating that both PrL cortical neurons in layer VI
and the pPVT are activated during early withdrawal. These data
suggested that chemogenetic inhibition of PrL-pPVT neurons
may suppress cocaine-seeking. A schematic of the viral infusion
and the timeline for this experiment are depicted in Figure 5D.
Cre-dependent hM4Di expression in PrL neurons and in PVT
terminals was verified by mCherry-IR, and the AAVrg-Cre injec-
tion site was verified via BFP-IR (Fig. 5E). We verified the spread
of the AAVrg infusion by counting the number of BFP� profiles
across the anterior–posterior axis of the PVT, and we found that
virus infusion was confined to the pPVT (Fig. 5F). Forty-eight
rats underwent surgery: 5 rats were removed due to lack of viral
expression, 1 due to a failed catheter, 3 rats lost head caps, 1 rat
died from surgical complications (final N � 38). Rats learned to
discriminate between the active and inactive levers quickly, and
there were no differences between mCherry- and hM4Di-
expressing rats (session: F(13,855) � 2.12, p � 0.0115; session �
lever interaction: F(13,855) � 2.85, p � 0.001; session � virus �
lever interaction: F(13,855) � 0.65, p 	 0.05; Fig. 5G). Immediately
after the last cocaine session, mCherry controls and hM4Di-
expressing rats were injected with CNO (10 mg/kg, i.p.) and in-

Figure 4. Inhibition of PrL neurons projecting to NAc core selectively blocked BDNF-dependent effects on cocaine-seeking. A, Schematic illustration of the viral vector targeting approach and
timeline for Experiment 2. B, Representative images of hM4Di-mCherry expression in PrL cortex, as well as CAV-2-Cre-eGFP- and hM4Di-mCherry-expressing terminals in NAc core. Scale bar, 150
�m. C, Acquisition and maintenance of cocaine SA. D, Post-abstinence context-induced relapse test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 3 d of SA. Right,
Active and inactive lever presses during 2 h test. *p � 0.05 versus mCherry-PBS. ##p � 0.01 versus mCherry-BDNF. E, Following the PA test, rats extinguished lever pressing over an additional 5
sessions. F, Cue-induced reinstatement test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 2 d of extinction. Right, Active and inactive (white bars) lever presses
during 2 h test. *p � 0.05 versus mCherry-PBS. #p � 0.05 versus mCherry-BDNF.
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fused with PBS or BDNF in the PrL cortex 30 min later. After 1
week of abstinence, the rats underwent a PA test (Fig. 5H). Sta-
tistical analysis of active lever presses revealed a virus � intracra-
nial infusion interaction (F(1,34) � 19.62, p � 0.0001) and an
interaction between time point, virus, and intracranial infusion
(F(1,34) � 9.02, p � 0.005). Sidak pairwise comparisons revealed
that mCherry-control rats infused with PBS pressed the active
lever significantly more during the PA test compared with the last
3 sessions of SA, indicating that CNO injection in mCherry con-
trol rats did not prevent relapse. Again, infusion of BDNF de-
creased relapse in mCherry-expressing rats (mCherry-BDNF vs
mCherry-PBS: p � 0.0017). As hypothesized, chemogenetic in-
hibition of PrL-pPVT neurons immediately after the last cocaine
SA session decreased relapse in PBS-infused rats but not in
BDNF-infused rats (hM4Di-PBS vs mCherry-PBS: p � 0.0001;
hM4Di-BDNF vs mCherry-BDNF: p � 0.0016; hM4Di-BDNF vs

hM4Di-PBS: p � 0.00016). Rats extinguished lever pressing over
an additional 5 extinction sessions following the PA test; there
were no differences in the rate of extinction on these days be-
tween experimental groups (session: F(4,306) � 33.79, p � 0.001;
session � lever interaction: F(4,306) � 6.96, p � 0.001; session �
virus � infusion � lever interaction: F(4,306) � 0.90, p 	 0.05;
Figure 5I). After extinction to criterion, rats underwent a cue test
(Fig. 5J). Statistical analysis of active lever presses revealed a vi-
rus � intracranial infusion interaction (F(1,34) � 10.14, p �
0.0031) and an interaction between time point, virus, and intra-
cranial infusion (F(1,34) � 11.50, p � 0.0018). Sidak pairwise
comparisons revealed that mCherry rats infused with PBS
pressed the active lever significantly more during the cue test
compared with the last 2 d of extinction. Consistent with findings
on the PA test, infusion of BDNF decreased active lever responses
in mCherry control animals, and chemogenetic inhibition of

Figure 5. Inhibition of PrL neurons projecting to pPVT suppresses cocaine-seeking. Correlation between �CaMKII-driven hM4Di-expressing terminals in pPVT and active lever presses during PA
(A) and cue test (B) of rats in Experiment 1a. C, Early withdrawal (2 h) from the last cocaine SA session induces Fos-IR in pPVT and in layer VI of PrL cortex. *p � 0.05 versus yoked-saline. **p � 0.01
versus yoked-saline. Scale bar, 150 �m. D, Schematic illustration of the viral vector targeting approach and timeline for Experiment 3. E, Representative images of hM4Di-mCherry expression in PrL
cortex, as well as AAVrg-CRE-BFP and hM4Di-mCherry-expressing terminals in pPVT. Scale bar, 150 �m. F, BFP profiles across the anterior–posterior axis of PVT. G, Acquisition and maintenance of
cocaine SA. H, Post-abstinence context-induced relapse test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 3 d of cocaine SA. Right, Active and inactive lever presses
during the 2 h test. **p � 0.01 versus mCherry-PBS. ***p � 0.001 versus mCherry-PBS. ##p � 0.01 versus mCherry-BDNF. ^^^p � 0.001 versus hM4Di-PBS. I, Following the PA test, rats
extinguished lever pressing over an additional 5 sessions. J, Cue-induced reinstatement test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 2 d of extinction. Right,
Active and inactive lever presses during the 2 h test. **p � 0.01 versus mCherry-PBS. ***p � 0.0001 versus mCherry-PBS. ^^p � 0.01 versus hM4Di-PBS.
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PrL-pPVT neurons decreased relapse and prevented BDNF’s in-
hibitory effect on relapse (mCherry-BDNF vs mCherry-PBS: p �
0.0024; hM4Di-PBS vs mCherry-PBS: p � 0.0001; hM4Di-BDNF
vs hM4Di-PBS: p � 0.0024).

Experiment 4: selective inhibition of PrL neurons projecting
to PVT did not alter sucrose-seeking
To investigate whether the suppression of cocaine-seeking medi-
ated by the inhibition of PrL-pPVT neurons immediately after
the last cocaine SA session was specific for cocaine versus a nat-
ural reward, rats (N � 16) underwent 10 d of sucrose SA. Sche-
matic of the viral infusion and the timeline for Experiment 4 are
depicted in Figure 6A. Viral spread was confined to the PrL cortex
and pPVT as in Experiment 3 (data not shown). Rats acquire and
maintain sucrose SA over 10 d, and there were no differences
between mCherry- and hM4Di-expressing animals (session:
F(9,256) � 5.23, p � 0.001; session � lever interaction: F(9,256) �
6.89, p � 0.001; session � virus � lever interaction: F(9,256) �
0.39, p 	 0.05; Figure 6B). Immediately after the last sucrose SA
session, all the rats were injected with CNO (10 mg/kg, i.p.) and
then underwent 1 week of home cage abstinence followed by a PA
test (Fig. 6C). Analysis of active lever responses revealed only a
main effect of time point (F(1,14) � 94.04, p � 0.001) and no
difference between the experimental groups (virus � time point
interaction: F(1,14) � 0.033, p 	 0.05). Rats extinguished lever
pressing over an additional 5 extinction sessions following the PA
test; there were no differences in the rate of extinction on these
days between experimental groups (session: F(4,126) � 12.40, p �
0.001; session � lever interaction: F(4,126) � 4.31, p � 0.0026;
session � virus � lever interaction: F(4,126) � 1.33, p 	 0.05;
Figure 6D). Following extinction, rats underwent a cue test (Fig.
6E). ANOVA revealed a main effect of time point (F(1,14) � 72.73,
p � 0.001) with no difference between mCherry controls and
hM4Di-inhibition groups (virus � time point interaction: F(1,14) �
0.217, p 	 0.05).

Discussion
In this study, we demonstrated that chemogenetic inhibition of
PrL projection neurons using a �CaMKII-driven hM4Di imme-
diately after the last cocaine SA session blocked the ability of an
intra-PrL BDNF infusion to decrease subsequent cocaine-
seeking. This finding confirms our previous pharmacological
study that BDNF’s inhibitory effects on cocaine-seeking require
synaptic activity in PrL neurons (Go et al., 2016) and extends it to
�CaMKII-expressing, putative pyramidal neurons. However, the
unexpected finding that the �CaMKII-driven hM4Di-DREADD
also decreased relapse in the absence of BDNF led us to consider
the projection specificity of different PrL outputs in these effects.
Thus, using a combinatorial viral vector approach, we found that
selectively inhibiting the neuronal activity of PrL-NAc core path-
way immediately after the end of cocaine SA blocked BDNF’s
effects on cocaine-seeking without having any effect in PBS-
infused rats. Thus, it was necessary to identify the pathway me-
diating the �CaMKII-driven hM4Di-mediated decrease in
cocaine-seeking that occurred in the absence of BDNF. Based on
recent literature suggesting the PrL-pPVT projection opposes the
PrL-NAc core projection (James and Dayas, 2013; Otis et al.,
2017), we selectively inhibited the PrL-pPVT pathway. Using a
similar retro-DREADD approach (Tervo et al., 2016), we found
that inhibition of the PrL-pPVT neurons immediately after the
last cocaine SA session was sufficient to decrease subsequent
cocaine-seeking without altering sucrose-seeking in a similar
paradigm. Because recent studies have shown that CNO admin-
istration in the absence of hM4Di or hM3Dq expression has be-
havioral effects in rats (MacLaren et al., 2016), possibly mediated
by conversion of CNO to its active metabolite, clozapine (Gomez
et al., 2017), we demonstrated that a single injection of CNO
immediately after the last cocaine SA session did not alter relapse
in eGFP- or mCherry-control rats.

Figure 6. Inhibition of PrL-pPVT neurons did not alter sucrose-seeking. A, Schematic illustration of the viral vector targeting approach and timeline for Experiment 4. B, Acquisition and
maintenance of sucrose SA. C, Post-abstinence context-induced relapse test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 3 d of sucrose SA. Right, Active and
inactive lever presses during the 2 h test. ***p� 0.001 versus last 3 d of SA. D, Following the PA test, rats extinguished lever pressing over an additional 5 sessions. E, Cue-induced reinstatement
test. Left, Active (colored bars) and inactive (white bars) lever presses during the last 2 d of extinction. Right, Active and inactive lever presses during the 2 h test. ***p � 0.001 versus last 2 d of
extinction.
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Global inhibition of activity in PrL �CaMKII � neurons
causes a BDNF-dependent and independent decrease in
cocaine-seeking
Chemogenetic inhibition of �CaMKII-expressing PrL neurons
prevented the ability of exogenous BDNF to decrease cocaine-
seeking, indicating that synaptic activity in these neurons is
necessary for BDNF’s effects. We hypothesized that hM4Di inhi-
bition by itself during early withdrawal would not affect cocaine-
seeking because (1) activity in the majority of neurons in deep
layers of PrL cortex is downregulated during cocaine SA (Dennis
et al., 2018); (2) cocaine SA causes profound dephosphorylation
of GluN2A, GluN2B, ERK, and CREB in PrL cortex that is pre-
vented by BDNF; and (3) GluN antagonists, TrkB, or ERK inhib-
itors infused immediately after the end of cocaine SA by
themselves do not affect subsequent cocaine-seeking but prevent
the effects of BDNF (Whitfield et al., 2011; Go et al., 2016). Pos-
sible differences in the actions of the pharmacological inhibitors
versus �CaMKII promoter-driven hM4Di-induced inhibition
are that the former bind to NMDA receptors on pyramidal and
nonpyramidal (GABAergic) cells, whereas �CaMKII infection
has a transcriptional bias toward infecting cortical excitatory
neurons (Nathanson et al., 2009).

Inhibition of synaptic activity selectively in PrL-NAc neurons
prevents the BDNF-induced decrease in cocaine-seeking
Based on studies indicating the importance of the PrL-NAc core
pathway in cocaine-seeking (McFarland and Kalivas, 2001; Ste-
fanik et al., 2016) and the ability of exogenous BDNF infused
immediately after the end of cocaine SA to normalize extracellu-
lar glutamate levels in the NAc core (Berglind et al., 2009), we
confirmed that selective inhibition of the PrL-NAc core pathway
is sufficient to block BDNF-mediated reduction of cocaine-
seeking. These data indicate that BDNF’s suppressive effects on
cocaine-seeking are not only activity-dependent, but PrL-NAc
core pathway-specific. Cocaine SA causes a selective deficit in
PrL-NAc core neuronal responsiveness indicated by less nuclear
Fos-IR and pCREB-IR and less AMPA receptor localization in large
spine heads of PrL-NAc core neurons than in yoked-saline rats dur-
ing early cocaine withdrawal (B. M. Siemsen et al., unpublished
observations). We hypothesize that BDNF prevents these cocaine-
induced deficits in PrL-NAc neurons, thereby enhancing excitatory
synaptic strength as has been shown in other brain circuits (Kafitz et
al., 1999; He et al., 2005; Leal et al., 2015, 2017; Kowianski et al., 2018)

Inactivation of PrL neurons projecting to PVT immediately
after the last cocaine SA decreases cocaine-seeking
The ability of global chemogenetic inhibition of PrL neurons to
decrease cocaine-seeking was equal in magnitude to that ob-
served with intra-PrL BDNF infusion. We confirmed that the
BDNF-independent decrease in relapse was mediated by CNO be-
cause vehicle-treated rats that expressed hM4Di did not demon-
strate this effect. Moreover, when hM4Di was selectively expressed in
PrL-NAc neurons, CNO did not decrease cocaine-seeking in PBS-
infused rats, ruling out the contribution of this pathway to the
BDNF-independent decrease in cocaine-seeking observed after
global chemogenetic inhibition of PrL projection neurons.

The PrL cortex has projections to many subcortical brain re-
gions mediating motivated behaviors, including the PVT (Li and
Kirouac, 2012; James and Dayas, 2013; Millan et al., 2017). We
found dense terminal expression in the pPVT of the �CaMKII-
driven hM4Di-expressing rats and found that the integrated den-
sity of these terminals negatively correlated with cocaine-seeking,
raising the possibility that the PrL-pPVT pathway might mediate

the BDNF-independent suppression of cocaine-seeking after
global chemogenetic inhibition of PrL projection neurons. More-
over, we found that Fos-IR was increased in layer VI of the PrL
cortex and the pPVT of rats 2 h after the last cocaine SA session,
further suggesting that the PrL-pPVT pathway is activated during
early withdrawal. PrL-PVT neurons that are located in layer VI of
the PrL cortex have recently been shown to play a critical role in
reward learning (Millan et al., 2017; Otis et al., 2017). Further,
inactivation of the PVT abolished the expression of cocaine-
conditioned place preference (Browning et al., 2014), attenuated
cocaine-induced locomotor sensitization (Young and Deutch,
1998), as well as cue- and cocaine prime-induced reinstatement
(James et al., 2010; Martin-Fardon and Boutrel, 2012; James and
Dayas, 2013; Matzeu et al., 2015, 2017; Kuhn et al., 2018). Moreover,
excitotoxic lesions of the PVT attenuated context-induced reinstate-
ment of alcohol-seeking (Hamlin et al., 2009). More recently, it has
been shown that structurally segregated PrL neurons projecting ei-
ther to the NAc or PVT are activated differentially in response to
reward-associated cue stimuli (Otis et al., 2017). Although most of
the literature about the contribution of PVT in motivated behaviors
does not differentiate between the anterior versus posterior divi-
sions, recently the anterior PVT has been associated with sucrose-
seeking (Do-Monte et al., 2017), whereas the pPVT regulates relapse
to drug-seeking (Matzeu et al., 2015). Accordingly, we found that
inhibition of the PrL-pPVT pathway immediately after the last co-
caine SA session decreases cocaine, but not sucrose, seeking in both
the PA and cue tests. To the best of our knowledge, these data are the
first to show that chemogenetic inhibition of the PrL-pPVT pathway
immediately after the last cocaine SA session decreases subsequent
cocaine-seeking. This effect suggests that cocaine-induced hyperac-
tivity in PrL-pPVT neurons contributes to relapse.

Unexpectedly, we found that infusion of BDNF in rats with
chemogenetically inhibited PrL-pPVT neurons increases relapse.
We hypothesize that, when BDNF is infused into the PrL cortex,
it prevents hM4Di inhibition of PrL-pPVT neurons and restores
their native hyperactive state during early cocaine withdrawal,
which in turn promotes long-term relapse. Such an action would
be consistent with BDNF’s ability to restore activity in the hypo-
active PrL-NAc pathway after cocaine SA, thereby decreasing re-
lapse. Thus, cocaine-induced PrL-NAc hypoactivity together
with PrL-pPVT hyperactivity during early withdrawal drive long-
term relapse propensity. Prevention of cocaine-induced suppres-
sion of pERK-related phosphoproteins in PrL cortex appears to
be critical to BDNF’s ability to decrease subsequent relapse
(Whitfield et al., 2011; Go et al., 2016). However, the only other
time point we have infused BDNF is after 1 week of abstinence, a
time point at which BDNF has no effect on relapse (Berglind et
al., 2007). A related question is whether hM4Di inhibition of the
PrL cortex (and the PrL-pPVT pathway) can decrease cocaine-
seeking outside of the early intervention window that must be
addressed by future studies. Notably, activity in pPVT neurons in-
creases during relapse triggered by discrete cocaine-conditioned
stimuli (Matzeu et al., 2015, 2017; Kuhn et al., 2018). Given that
the PrL cortex is also known to drive relapse at these later time
points in our SA model (McFarland and Kalivas, 2001; Moorman
et al., 2015; Stefanik et al., 2016), and provides a glutamatergic
input to the pPVT (Kirouac, 2015), it is possible the hM4Di-
mediated reduction of cocaine-seeking in the PrL-pPVT pathway
observed in this study would also be effective immediately before
a relapse episode. Future studies will explore this hypothesis and
determine the neuroadaptations in these distinct PrL pathways
during early withdrawal that underlie pathway-selective regula-
tion of cocaine-seeking.
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