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Blockade of corticotropin-releasing factor receptor 1
in the central amygdala prevents cocaine-seeking
behaviour induced by orexin-A administered
to the posterior paraventricular nucleus of the
thalamus in male rats

Alessandra Matzeu, PhD; Rémi Martin-Fardon, PhD

Background: Orexin-A (OrxA) administration in the posterior paraventricular nucleus of the thalamus (pPVT) reinstates extinguished
cocaine-seeking behaviour following extended access to the drug (a model of dependence). The pPVT receives and integrates informa-
tion associated with emotionally salient events and sends excitatory inputs to brain regions involved in the expression of emotional
states, such as those driving cocaine-seeking behaviour (i.e., the nucleus accumbens, the central nucleus of the amygdala [CeA], the
basolateral amygdala, the bed nucleus of the stria terminalis [BNST] and the prefrontal cortex). Methods: We monitored the activation
pattern of these regions (measured by Fos) during cocaine-seeking induced by OrxA administered to the pPVT. The BNST and CeA
emerged as being selectively activated. To test whether the functionality of these regions was pivotal during OrxA-induced cocaine-seeking
behaviour, we transiently inactivated these regions concomitantly with OrxA administration to the pPVT. We then tested the participation
of corticotropin-releasing factor receptors (CRF,) in the CeA during OrxA-induced cocaine-seeking using the CRF, antagonist CP154526.
Results: We observed selective activation of the CeA and BNST during cocaine-seeking induced by OrxA administered to the pPVT, but
only transient inactivation of the CeA prevented cocaine-seeking behaviour. Administration of CP154526 to the CeA prevented OrxA-
induced cocaine-seeking behaviour. Limitations: The use of only male rats could have been a limitation. Other limitations could have
been the use of an indirect approach to test the hypothesis that administration of OrxA to the pPVT drives cocaine-seeking via CRF, sig-
nalling in the CeA, and a lack of analysis of the participation of CeA subregions. Conclusion: Cocaine-seeking behaviour induced by

OrxA administered to the pPVT is driven by activation of the CeA via CRF, signalling.

Introduction

The paraventricular nucleus of the thalamus (PVT) has
gained considerable attention in the study of drug-related be-
haviours because of its prominent projections to pivotal com-
ponents of the neurocircuitry of addiction.! The PVT is
strongly activated by a wide range of stressful and arousing
stimuli (e.g., Hamlin and colleagues,’* James and colleagues®
and Bubser and Deutch?) and is selectively recruited during
cocaine-seeking behaviour.® The integrity of the PVT is neces-
sary for behaviour that is motivated by the presentation of
cocaine-associated environmental stimuli.® The PVT might
act as a hub that receives and integrates emotionally salient
events, which in turn are transmitted to other brain regions
that regulate diverse behavioural outcomes.

The PVT receives dense peptidergic inputs from the hypo-
thalamus.”® The posterior PVT (pPVT) receives some of the

densest orexin projections in the brain.” The orexin (or hypo-
cretin) system regulates physiologic functions'® and modu-
lates stress'? and reward states (e.g., drug-seeking behav-
iour).”*% Modulatory functions of the orexin system in arousal,
stress and reward are partially mediated by the depolarization
of PVT neurons.'® Importantly, orexin transmission in the pPVT
has been implicated in reward-seeking behaviour.”!® Micro-
injections of orexin-A (OrxA) in the pPVT reinstated (primed)
both cocaine- and food-seeking behaviour, with a greater effect
in animals trained to self-administer cocaine.!”!8

The PVT receives and integrates information associated with
emotionally salient events and then sends excitatory inputs to
brain regions involved in the expression of emotional states,
such as those that drive cocaine-seeking behaviour (i.e., the nu-
cleus accumbens, the central nucleus of the amygdala [CeA], the
basolateral amygdala, the bed nucleus of the stria terminalis
[BNST] and the prefrontal cortex).” In the present study, we
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determined activation patterns (i.e., recruitment) of these re-
gions (measured by Fos expression) during cocaine-seeking be-
haviour induced by OrxA administered to the pPVT. We sought
to determine whether any of these brain regions were activated
exclusively during cocaine-seeking behaviour, and whether
they were pivotal for the expression of cocaine-seeking behav-
iour induced by OrxA. We used Fos mapping to determine the
neural substrates through which intra-pPVT administration of
OrxA exerts a priming effect to induce the reinstatement of ex-
tinguished cocaine-seeking behaviour in a rat model of cocaine
dependence (i.e., cocaine long access [C-LA]). The BNST and
CeA emerged as the only brain regions that were selectively
activated during cocaine-seeking induced by OrxA adminis-
tered to the pPVT in C-LA animals. However, only CeA func-
tionality was necessary for the reinstatement of cocaine-seeking
behaviour. The corticotropin-releasing factor (CRF) system is
strongly engaged in negative emotional states that characterize
drug withdrawal during abstinence.?**! Thus, we injected a
corticotropin-releasing factor receptor 1 (CRF,) antagonist in the
CeA to test whether CREF, receptors in the CeA played a role in
cocaine-seeking induced by OrxA administered to the pPVT.

Methods

Animals

Male Wistar rats (1 = 118, Charles River), weighing 200 to 225 g
upon arrival, were housed 2 per cage in a temperature- and
humidity-controlled vivarium on a reverse light/dark cycle
(12 h/12 h) with ad libitum access to food and water. All pro-
cedures were conducted during the dark phase of the light/
dark cycle and with strict adherence to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals? The
animal procedures were approved by the Institutional Animal
Care and Use Committee of The Scripps Research Institute.

Drugs

Orexin-A (American Peptide) was diluted in 0.9% sodium
chloride (Hospira) and injected in volumes of 0.5 pL. Cocaine
(National Institute on Drug Abuse) was dissolved in 0.9% so-
dium chloride and administered at a dose of 0.25 mg/0.1 mL.
Sweetened condensed milk (Nestlé) was diluted 2:1 (vol./
vol.) in water and delivered in volumes of 0.1 mL. Muscimol
and baclofen (Tocris Bioscience) were dissolved in 0.9% so-
dium chloride at concentrations of 0.6 and 0.06 mM, respec-
tively. Finally, CP154526 (Tocris Bioscience) was dissolved in
100% dimethylsulfoxide (Sigma Aldrich).

Experimental procedures

We prepared 4 separate experimental groups of rats. Detailed
methods for each experimental group can be found in
Appendix 1, available at jpn.ca/200213-al.

Group 1: Reinstatement of cocaine-seeking behaviour:
brain activation patterns in C-LA rats
Rats that were designated for C-LA self-administration were

trained to self-administer cocaine in daily 6-hour sessions.
Fourteen days after they began self-administration training,
the rats were stereotaxically implanted with a guide cannula
aimed at the pPVT. After recovery (7 days), they resumed
self-administration training for 7 more days.

Immediately after 21 daily self-administration sessions,
the rats underwent extinction training. On the last day of
extinction training, each rat received a sham injection for
habituation to the microinjection. Then, 24 hours later, they
received an intra-pPVT microinjection of 0.5 ng OrxA or
vehicle. Half of the rats were then placed in the operant
chambers under extinction conditions for 2 hours and
tested for the reinstatement of cocaine-seeking behaviour.
The other half remained in their home cage for 2 hours.
This latter subgroup was used to control for possible effects
of the operant chamber (in addition to the pPVT injection)
on brain activation.

Immediately after the reinstatement session (or after the
home cage), the rats were euthanized. Their brains were sec-
tioned coronally and then processed for Fos immunodetec-
tion. Fos-positive (Fos+) neurons were counted in sections
that incorporated the pPVT, BNST, CeA, prelimbic cortex,
infralimbic cortex, nucleus accumbens core, nucleus accum-
bens shell and basolateral amygdala. Injection tracks were
verified, and off-target cannulations were excluded from the
study. For immunohistochemistry, we prepared 1 age-
matched group of naive rats (1 = 6).

Group 2: Reinstatement of cocaine-seeking behaviour:
inactivation of the BNST and CeA in C-LA rats

In the experiments for group 1, the BNST and CeA
emerged as being selectively activated during the intra-
pPVT OrxA-induced reinstatement of cocaine-seeking be-
haviour in cocaine rats. To test whether the functionality of
these regions was pivotal during cocaine-seeking behav-
iour, we combined transient inactivation of the BNST or
CeA with intra-pPVT OrxA administration in another
group of C-LA rats.

Group 3: Reinstatement of reward-seeking behaviour and
CeA activation pattern: short access to cocaine versus
sweetened condensed milk

In the experiments for group 2, we found that functionality of
the CeA was necessary for the expression of cocaine-seeking
behaviour in C-LA rats. To exclude the possibility that this
finding reflected general activation that occurred during
cocaine-seeking behaviour induced by OrxA administered to
the pPVT, we analyzed CeA activation patterns in rats after
cocaine short access (C-SA) or sweetened condensed milk
self-administration.

Group 4: Reinstatement of cocaine-seeking behaviour in
C-LA rats: effect of CRF, receptor blockade in the CeA

The CRF-CREF, receptor system in the CeA plays a pivotal
role in negative emotional states that characterize withdrawal
during abstinence. This experiment tested the effects of CRF,
receptor blockade in the CeA concomitant with OrxA injec-
tion in the pPVT in C-LA rats.
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Statistical analysis

We analyzed the acquisition of cocaine and sweetened con-
densed milk via self-administration using 2-way repeated-
measures analysis of variance (ANOVA), with time (sessions)
and lever (active v. inactive) as factors. We analyzed re-
instatement using 2-way ANOVA, with reinstatement condi-
tion (i.e., extinction, sham, vehicle, OrxA, muscimol + ba-
clofen, and CP154526) and lever (active v. inactive) as factors.
We analyzed histochemical data (i.e., the number of Fos+
neurons) using 1-way ANOVA for each brain region. Signifi-
cant main effects or interactions were followed by the Sidak
post hoc test. All results are expressed as mean + standard
error of the mean (SEM). Values of p < 0.05 were considered
statistically significant. Statistical analyses were performed
using Prism 8 software (GraphPad).

Results

Figure 1A shows the behavioural procedure used.

Seventeen rats were lost (6 because of health complica-
tions, 3 because of catheter failure and 8 because of cannula
misplacement [7 for the pPVT and 1 for the BNST]), reducing
the total number of rats to 101 (group 1, n = 29, including
6 naive; group 2, n = 24; group 3, n = 30, including 6 naive;
group 4, n = 18).

Group 1: Reinstatement of cocaine-seeking behaviour: brain
activation patterns in C-LA rats

Self-administration and extinction

Over the 21 days of self-administration training (6 h/d),
the rats (n = 23) acquired cocaine self-administration
(2-way ANOVA: session Fy = 33.67, p < 0.001; lever F,,, =
311.44, p < 0.001; session x lever interaction Fy, = 54.11,
p < 0.001; Figure 1B). The Sidak post hoc test confirmed
that the rats increased their cocaine intake in session 3
compared to session 1 (p < 0.05). Starting in session 4, they
emitted more responses on the active lever than on the in-
active lever (p < 0.01). At the end of extinction training
(16 + 2 sessions), the rats reached a mean + SEM of 6.17 +
0.76 responses on the active lever.

Reinstatement induced by OrxA administered to the pPVT
Following extinction, the rats received a sham injection in
the pPVT to habituate them to the injection procedure. The
injection of OrxA in the pPVT reinstated (primed) cocaine-
seeking behaviour compared to extinction and the sham
and vehicle injections (p < 0.001; Sidak post hoc test follow-
ing 2-way ANOVA: treatment F,,,= 14.55, p < 0.001; lever
Fi5 = 21.66, p < 0.001; treatment x lever interaction F,s =
10.01, p < 0.001; Figure 1C) without altering responses on
the inactive lever.
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Figure 1: (A) Behavioural procedure. (B) Group 1. Time course of cocaine long access self-administration over 21 days of training (Sidak post
hoc test; *p < 0.05, **p < 0.01, ***p < 0.001 v. first session; ##p < 0.01, ###p < 0.001 v. inactive lever; n = 23). (C) An injection of orexin-A into
the posterior paraventricular nucleus of the thalamus induced cocaine-seeking behaviour (Sidak post hoc test; ***p < 0.001 v. extinction, sham
and vehicle; ###p < 0.001 v. inactive lever; n = 5-11. (D) Schematic distribution of injection site tracks (x = rats with correct cannula place-
ments; o = rats with incorrect cannula placements). PVT = paraventricular nucleus of the thalamus; SEM = standard error of the mean.
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Fos immunoreactivity p < 0.001; Sidak post hoc test: p < 0.05 v. orexin operant
Fos expression increased in the pPVT (Figure 2A to G) chamber; Figure 2G).

following vehicle or OrxA injection, but we observed the The number of Fos+ neurons in the BNST (Figure 2H to N)
densest Fos expression in the pPVT following OrxA injec- was significantly higher following OrxA injection when the
tion when the rats were placed in the operant chambers rats were placed in the operant chambers and tested for
and allowed to press levers (1-way ANOVA: F,,, = 28.24, cocaine-seeking behaviour, without any significant activation
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Figure 2: Activation patterns in the pPVT, BNST and CeA following an intra-pPVT injection of orexin-A to induce the reinstatement of cocaine-
seeking behaviour; n = 5—6 animals/group. (A) Schematic illustration of the rostrocaudal level of cannula placement where pPVT Fos+ neur-
ons were counted. Typical photomicrographs illustrate Fos activation and injection tracks in the pPVT in (B) naive rats; rats that were injected
with (C) vehicle or (D) orexin-A and exposed to the operant chamber; and rats that were injected with (E) vehicle or (F) orexin-A and exposed
to the home cage. (G) Number of Fos+ neurons in the pPVT following vehicle or orexin-A injection (Sidak post hoc test; *p < 0.05, **p < 0.01,
***p < 0.001 v. naive rats; #p < 0.05, ###p < 0.001 v. respective vehicle; ++p < 0.01, +++p < 0.001 v. orexin-A operant chamber). (H) Schem-
atic illustration of the rostrocaudal level where BNST Fos+ neurons were counted. Typical photomicrographs illustrate Fos activation in the
BNST in (I) naive rats; rats that were injected with (J) vehicle or (K) orexin-A and exposed to the operant chamber; and rats that were injected
with (L) vehicle or (M) orexin-A and exposed to the home cage. (N) Number of Fos+ neurons in the BNST following intra-pPVT orexin-A injec-
tion (Sidak post hoc test; ***p < 0.001 v. naive rats; ###p < 0.001 v. respective vehicle; +++p < 0.001 v. orexin-A operant chamber). (O)
Schematic illustration of the rostrocaudal level where CeA Fos+ neurons were counted. Typical photomicrographs illustrate Fos activation in
the CeA in (P) naive rats; rats that were injected with (Q) vehicle or (R) orexin-A and exposed to the operant chamber; and rats that were
injected with (S) vehicle or (T) orexin-A and exposed to the home cage. (U) Number of Fos+ neurons in the CeA following intra-pPVT orexin-A
injection (Sidak post hoc test; ***p < 0.001 v. naive rats; ###p < 0.001 v. vehicle; +++p < 0.001 v. orexin-A operant chamber). BNST = bed
nucleus of the stria terminalis; CeA = central nucleus of the amygdala; pPVT = posterior paraventricular nucleus of the thalamus; PVT = para-
ventricular nucleus of the thalamus; SEM = standard error of the mean.
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in any other condition (1-way ANOVA: F,,, = 15.82, p < 0.001;
Sidak post hoc test: p < 0.001 v. all other conditions; Figure 2N).

We also observed an increase in Fos expression in CeA
neurons (Figure 20 to U) when the rats were placed in the
operant chambers and tested for cocaine-seeking behaviour
following OrxA injection (1-way ANOVA: F,,, = 22.09, p <
0.001; Sidak post hoc test: p < 0.001, v. all other conditions;
Figure 2U). We observed no increase in Fos+ neurons in any
of the other conditions. In parallel with the pPVT, BNST and
CeA, we also counted Fos+ neurons in the prelimbic cortex,
infralimbic cortex, nucleus accumbens core, nucleus accum-
bens shell and basolateral amygdala (Appendix 1, Figure S1).

Group 2: Reinstatement of cocaine-seeking behaviour:
inactivation of the BNST and CeA in C-LA rats

Self-administration and extinction

Over the 21 days of self-administration training (6 h/d), the
rats (n = 24) acquired cocaine self-administration (2-way
ANOVA: session Fe, = 9.71, p < 0.001; lever F,,, = 218.9, p <
0.001; session x lever interaction F,,,, = 14.13, p < 0.001;
Figure 3A). The Sidak post hoc test confirmed that the rats in-
creased their cocaine intake in session 4 compared to session
1 (p < 0.001), and they emitted more responses on the active
lever in session 3 than on the inactive lever (p < 0.001). At the
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Figure 3: Transient inactivation of the CeA prevents cocaine-seeking behaviour induced by orexin-A administered to the pPVT. (A) Time
course of cocaine long access self-administration over 21 days of training (Sidak post hoc test; ***p < 0.001 v. first session; ###p < 0.001
v. inactive lever; n = 24). (B) Transient inactivation of the BNST did not affect the priming effect of intra-pPVT orexin-A on cocaine-seeking
behaviour (Sidak post hoc test; ***p < 0.001 v. extinction and sham; ###p < 0.001 v. inactive lever; n = 5-11). (C) Transient inactivation of the
CeA prevented the priming effect of intra-pPVT orexin-A on cocaine-seeking behaviour (Sidak post hoc test; ***p < 0.001 v. extinction and
sham; ###p < 0.001 v. the inactive lever; +++p < 0.001 v. vehicle; n = 6-13). (D) Schematic representations of injector placements in the
pPVT, BNST and CeA, with photo representations of the injection track (2x magnification). (E and F) Schematic distribution of injection site
tracks in the pPVT (E left, F left), BNST (E right) and CeA (F right) subgroups (x = rats with correct cannula placements; o = rats with incorrect
cannula placements). BNST = bed nucleus of the stria terminalis; CeA = central nucleus of the amygdala; pPVT = posterior paraventricular
nucleus of the thalamus; PVT = paraventricular nucleus of the thalamus; SEM = standard error of the mean.
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end of extinction training (17 + 1 sessions), the rats emitted a
mean + SEM of 9.50 + 0.74 responses on the active lever.

Reinstatement induced by OrxA administered to the
pPVT and concomitant inactivation of the BNST or CeA
Inactivation of the BNST did not influence the reinstatement
of cocaine-seeking behaviour induced by intra-pPVT admin-
istration of OrxA (2-way ANOVA: treatment F,;; = 8.48, p <
0.001; lever F,s = 54.14, p < 0.001; treatment x lever interac-
tion F,5 = 8.22, p < 0.001; Figure 3B), with no differences in
the number of active lever presses between rats injected with
muscimol + baclofen or vehicle.

In contrast, inactivation of the CeA completely prevented
the reinstatement of cocaine-seeking behaviour induced by
intra-pPVT administration of OrxA (2-way ANOVA: treat-
ment F,, = 13.30, p < 0.001; lever F,,, = 36.84, p < 0.001; treat-
ment x lever interaction F,, = 12.78, p < 0.001; Sidak post hoc

test: p < 0.001 v. vehicle; Figure 3C). Responses on the inac-
tive lever were unaffected (Figure 3B and C).

Group 3: Reinstatement of cocaine-seeking behaviour and
CeA activation pattern: short access to cocaine and
sweetened condensed milk

Cocaine short access

Self-administration and extinction

Over the 21 days of self-administration training (2 h/d), the
rats (n = 12) acquired cocaine self-administration (2-way
ANOVA: session Fyy, = 3.29, p < 0.001; lever F,,, = 19.87,
p < 0.001; session x lever interaction F,u, = 9.12, p < 0.001;
Figure 4A). The Sidak post hoc test confirmed that the rats
increased their cocaine intake in session 13 compared to
session 1 (p < 0.05), and they emitted more responses on
the active lever starting in session 12 compared to the inactive
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Figure 4: Activation pattern of the CeA following intra-pPVT injection of orexin-A to induce the reinstatement of cocaine-seeking behaviour in
rats with short access to cocaine. (A) Time course of cocaine short access self-administration over 21 days of training (Sidak post hoc test;
*p < 0.05, **p < 0.01, ***p < 0.001 v. first session; ##p < 0.01, ###p < 0.001 v. inactive lever; n = 12). (B) Intra-pPVT orexin-A administration
induced cocaine-seeking behaviour in rats with short access to cocaine (Sidak post hoc test; ***p < 0.001 v. extinction, sham and vehicle;
###p < 0.001 v. inactive lever; n = 6-12). (C) Schematic distribution of injection site tracks (x = rats with correct cannula placements; o = rats
with incorrect cannula placements). (D) Schematic illustration of the rostrocaudal level of cannula placement where pPVT Fos+ neurons were
counted. Typical photomicrographs illustrate Fos activation and injection tracks in the pPVT in (E) naive rats and rats that were injected with
(F) vehicle or (G) orexin-A. (H) Number of Fos+ neurons in the pPVT following vehicle or orexin-A injections (Sidak post hoc test; *p < 0.05
v. naive; n = 6/group). (I) Schematic illustration of the rostrocaudal level where CeA Fos+ neurons were counted. Typical photomicrographs
illustrate Fos activation in (J) naive rats and rats that were injected with (K) vehicle or (L) orexin-A. (M) Number of Fos+ neurons in the CeA
(n = 6/group). BNST = bed nucleus of the stria terminalis; CeA = central nucleus of the amygdala; pPVT = posterior paraventricular nucleus of
the thalamus; PVT = paraventricular nucleus of the thalamus; SEM = standard error of the mean.
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lever (p < 0.01). At the end of extinction training (15 + 1 ses- ANOVA: F, ;5 = 5.630, p < 0.05; Sidak post hoc test: p < 0.05
sions), the rats emitted a mean + SEM of 7.6 + 1.0 responses v. naive rats; Figure 4H).
on the active lever. In the CeA (Figure 4I to L), Fos expression after OrxA
or vehicle injection to the pPVT was unaffected and not dif-
Reinstatement induced by OrxA administered to the pPVT ferent from that of naive rats (1-way ANOVA: F, s = 1.491,
The administration of OrxA to the pPVT reinstated cocaine- p = 0.26; Figure 4M).
seeking behaviour (2-way ANOVA: treatment F,,, = 6.37, p <
0.001; lever F,, = 5.86, p < 0.001; treatment x lever interaction Sweetened condensed milk
F,s = 8.33, p < 0.001; Sidak post hoc test: p < 0.001 v. extinc- Self-administration and extinction
tion, sham and vehicle; Figure 4B). Responses on the inactive The rats (n = 12) acquired sweetened condensed milk self-
lever were unaffected (Figure 4B). administration in 30 minutes per session over 21 days (2-
way ANOVA: session F,,,, = 20.14, p < 0.001; lever F,,, =
Fos immunoreactivity 632.7, p < 0.001; session x lever interaction F,,, = 30.51, p <
Neurons in the pPVT (Figure 4D to G) were significantly ac- 0.001; Figure 5A). Beginning in session 5 and compared to
tivated (i.e., a higher number of Fos+ neurons) only after session 1, rats emitted more responses on the active versus
intra-pPVT OrxA injection compared to naive rats, but this inactive lever and maintained a high level of intake of sweet-
increase was not different from vehicle injection (1-way ened condensed milk (Sidak post hoc test: p < 0.001). At the
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standard error of the mean.
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end of extinction training (18 + 2 sessions), the rats emitted a
mean + SEM of 9.33 + 0.8 responses for sweetened con-
densed milk.

Reinstatement induced by OrxA administered to the pPVT

The administration of OrxA to the pPVT produced signifi-
cant reinstatement of sweetened condensed milk—seeking be-
haviour (2-way ANOVA: treatment F,., = 8.72, p < 0.001;
lever F, ., = 14.23, p < 0.001; treatment x lever interaction F;, =
8.71, p < 0.001; Sidak post hoc test: p < 0.001, v. extinction,
sham and vehicle; Figure 5B). Responses on the inactive lever
remained low and unchanged (Figure 5B).

Fos immunoreactivity
We observed a significantly higher number of Fos+ neurons
following the OrxA injection in the pPVT compared to naive
rats (Figure 5D to G), but this increase was not different from
vehicle injection (1-way ANOVA: F,,; = 4.584, p < 0.05; Sidak
post hoc test: p < 0.05, v. naive rats; Figure 5H).

We observed no increase in the number of Fos+ neurons in
the CeA (Figure 5I to L) after either vehicle or OrxA injection in
the pPVT (1-way ANOVA: F, ;= 0.7061, p = 0.51; Figure 5M).

Group 4: Reinstatement of cocaine-seeking behaviour in
C-LA rats: effect of CRF, receptor blockade in the CeA

Self-administration and extinction

Over the 21 days of self-administration training (6 h/d), the
rats (n = 18) acquired cocaine self-administration (2-way
ANOVA: session F = 8.52, p < 0.001; lever F,;, = 116.6, p <
0.001; session x lever interaction F, = 17.1, p < 0.001;
Figure 6A). The Sidak post hoc test confirmed that the rats
emitted more responses on the active lever compared to the
first session and compared to the inactive lever beginning in
session 6 (p < 0.01). At the end of extinction training (17 +
2 sessions), the rats emitted a mean + SEM of 8.77 + 0.89 re-
sponses on the active lever.

Reinstatement induced by OrxA administered to the
pPVT and concomitant CRF, receptor blockade in the CeA
The administration of CP154526 in the CeA prevented cocaine-
seeking behaviour induced by OrxA administered to the pPVT
at the 2 doses tested, without affecting responses on the inactive
lever (2-way ANOVA: treatment F,s = 13.46, p < 0.001; lever
F,o = 57.16, p < 0.001; treatment x lever interaction F,s = 9.30,
p <0.001; Sidak post hoc test: p < 0.001 v. vehicle; Figure 6B).

Discussion

The present study confirmed our previous observations that
when injected in the pPVT, OrxA reinstates extinguished
cocaine-seeking and sweetened condensed milk-seeking
behaviour.'”'® Furthermore, the data indicate that the
CeA is pivotal in cocaine-seeking behaviour induced by
OrxA administered to the pPVT in rats with a history of
C-LA (an animal model of cocaine dependence), but not in
rats with C-SA or sweetened condensed milk exposure, and
that CRF, receptor signalling in the CeA mediates this

behaviour. Overall, our results show that the connection
between hypothalamic orexin inputs to the pPVT and the
CeA is essential for inducing cocaine-seeking behaviour in
cocaine-dependent rats with the participation of CRF,
receptors in the CeA.

Before discussing the implications of these findings, a po-
tentially important limitation of the present study needs to be
discussed. A possible confound following the OrxA injection
in the pPVT could have been that because of the close prox-
imity of the pPVT to the third ventricle, the Fos activation we
observed in the CeA and BNST could have resulted from
OrxA-induced activation of nearby brain areas rather than
the pPVT itself. However, the accuracy of the injections (de-
picted in Figures 1 to 6), together with our earlier studies that
used a similar approach,®7$% strongly dispute this possibil-
ity. As reported previously,"”'® OrxA administration in the
pPVT reinstated extinguished cocaine-seeking and sweet-
ened condensed milk-seeking behaviour. Moreover, in C-LA
rats, OrxA administration in the pPVT increased Fos expres-
sion, which was significantly higher when the animals were
allowed to lever-press (i.e., during the reinstatement test),
most likely because of the expression of cocaine-seeking be-
haviour. Studies that investigate the implications of endogen-
ous orexin transmission in the pPVT during cocaine-seeking
behaviour have been limited, and the mechanism by which
OrxA administration in the pPVT triggers the reinstatement
of reward-seeking behaviour is difficult to explain. The intra-
PVT administration of an orexin receptor 1 antagonist did not
influence the cue-induced reinstatement of cocaine-seeking
behaviour.** The presentation of cues that were previously
associated with ethanol availability activated PVT neurons
that were in close contact with hypothalamic orexin-positive
terminals.”> The administration of a dual orexin receptor an-
tagonist in the pPVT prevented the stress-induced reinstate-
ment of ethanol-seeking behaviour.” These previous findings
suggest that endogenous orexin transmission in the PVT (via
orexin receptors) could play a pivotal role in drug-seeking
behaviour. Additional studies are clearly required to define
the role of endogenous orexin transmission in the PVT and
implication of orexin receptor 1 versus orexin receptor 2 sig-
nalling during cue- and stress-induced cocaine-seeking be-
haviour. The present data strongly suggest selective partici-
pation of the CeA in reinstatement induced by OrxA
administered to the pPVT in C-LA rats. One possibility could
be that pPVT activation induced by OrxA generates anxiety
and other aversive states that in turn elicit reinstatement. The
PVT, especially the pPVT, receives extensive orexin inputs
where orexin exerts strong excitatory effects. It has been sug-
gested that the action of orexin in the pPVT is implicated in
responses to stressful events.?® Long cocaine exposure alters
the physiology of both orexin neurons and PVT neurons,”>
and these changes could contribute to the “addiction” pheno-
type. The PVT receives information about emotionally
charged events and in turn sends information to brain re-
gions to regulate motivated behaviour.! Indeed, the PVT is the
only thalamic nucleus that projects to a group of structures
that comprise the amygdala (i.e., CeA and basolateral amyg-
dala), BNST, nucleus accumbens and prefrontal cortex.**%
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The pPVT projects to the CeA, and neurons that express
CRF have been found to have close contact with pPVT
fibres.® Recent studies have confirmed the importance of
PVT-to-CeA projections in adaptive responses to stress and
anxiety.®3 Our results showed that CeA activation oc-
curred during seeking behaviour induced by OrxA admin-
istration to the pPVT only in C-LA rats, and not in the
C-SA or sweetened condensed milk groups. Extended co-
caine self-administration might induce changes in the CeA
that are either quantitatively or qualitatively different from

those induced by limited cocaine or sweetened condensed
milk self-administration. Such differences could explain the
differential recruitment of the CeA during seeking behav-
iour induced by OrxA administration in the C-LA, C-SA
and sweetened condensed milk groups. Supporting this
possibility, the CeA has been implicated in the regulation
of negative affective states that are typically experienced dur-
ing withdrawal or extensive drug use (for review, see
Koob®). Therefore, extended cocaine exposure and subse-
quent withdrawal can induce long-lasting cellular and
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molecular alterations of CeA neurons, contributing to
progressively worse negative affective states during with-
drawal from cocaine. For example, the membrane excit-
ability of CeA neurons exhibited transient adaptation fol-
lowing short exposure to cocaine, and these adaptations
persisted following extended access to cocaine.’” Moreover,
rats that were exposed to extended-access cocaine self-
administration exhibited long-lasting increases in a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid and N-
methyl-p-aspartate glutamatergic receptor subunit
expression in the CeA%® and decreased glutamate turn-
over,” whereas rats that exhibited compulsive increases in
cocaine self-administration had higher y-aminobutyric
acid (GABA)-ergic tone in the CeA,**! consistent with
earlier findings that neurons in the CeA exhibited persis-
tent adaptations of membrane excitability following ex-
tended exposure to cocaine.” Persistent cocaine-seeking
observed following chronic cocaine exposure is depend-
ent on CeA recruitment,* which may contribute to the
long-lasting negative affective states that are characteristic
of cocaine withdrawal. Optogenetic stimulation of the
CeA intensified the motivation for cocaine, whereas phar-
macological or optogenetic inhibition of the CeA sup-
pressed cocaine intake,* decreased footshock-induced
cocaine-seeking* and decreased the incubation of cocaine
craving in a self-administration procedure,***® suggesting
that functionality of the CeA is critical for maintaining the
motivation for cocaine.

The involvement of CRF, receptors in the CeA during
cocaine-seeking behaviour that was identified in the present
study was consistent with an extensive body of literature
that supports a functional role for CRF, receptors in nega-
tive emotional states and the development of CRF, receptor
antagonists to treat affective-like disorders and substance
use disorders.¥* Systemic injections of CRF, receptor an-
tagonists reduced the escalation of alcohol intake in depen-
dent rats and mice®?! and attenuated increases in the self-
administration of cocaine,” nicotine®® and heroin® in rats
with a history of extended access to the drugs. The majority
of CeA neurons activated during alcohol withdrawal were
shown to express CRF, and the optogenetic inactivation of
CeA CRF neurons or blockade of CRF, receptors in the CeA
decreased alcohol intake in dependent rats.>” Stressors
that elicit CRF release reinstated cocaine-seeking behaviour
more effectively in rats that had been previously exposed to
extended-access cocaine self-administration than in rats
that were exposed to cocaine under short-access conditions,
and CRF, receptor antagonists more effectively reduced co-
caine self-administration in rats that had extended access to
cocaine compared to their short-access counterparts.5>3
Our results, together with earlier anatomic studies,® sup-
port the possibility that intra-pPVT administration of OrxA
influences the activity of CeA neurons through CRF, to in-
duce the reinstatement of cocaine-seeking behaviour in cocaine-
dependent rats. Further supporting this hypothesis is an
earlier study that showed that the intracerebroventricular
administration of a nonselective CRF receptor antagonist
attenuated anxiety-like behaviour that was produced by an

injection of OrxA in the PVT.¥ Overall, our findings sug-
gest that OrxA administration in the pPVT induced the re-
instatement of cocaine-seeking behaviour in C-LA rats via
CREF, receptor signalling in the CeA. Although we observed
no CeA activation in the C-SA and sweetened condensed
milk groups, the involvement of this brain region and the
implication of CRF, during reinstatement induced by
OrxA administration to the pPVT cannot be completely ex-
cluded. One possibility could be that the CeA played a key
role in reinstatement in the C-SA and sweetened con-
densed milk groups that could not be detected simply with
Fos labelling. As well, brain regions other than the CeA
could also have been directly responsible for reward-
seeking behaviour in the C-SA and sweetened condensed
milk groups. One hypothesis was that OrxA injections in
the pPVT may have induced reward-seeking behaviour in
the C-SA and/or sweetened condensed milk groups via re-
cruitment of the nucleus accumbens shell. Supporting this
possibility are earlier findings that PVT neurons send pro-
jections to the nucleus accumbens shell? and that orexin ter-
minals make contact with PVT neurons that project to the
nucleus accumbens shell.®* Moreover, the percentage of
PVT neurons that were activated and projected to the nu-
cleus accumbens shell increased after the context-induced
renewal of alcohol-seeking.? Although the primary focus of
this work was to investigate the C-LA group, it will be im-
portant for the future to determine 2 things: which brain re-
gions are specifically involved in seeking behaviour that is
induced by intra-pPVT OrxA administration in C-SA and
sweetened condensed milk groups; and whether CRF, re-
ceptor signalling in the CeA plays a role in the reinstate-
ment of reward-seeking behaviour in C-SA and sweetened
condensed milk groups.

Although we observed an increase in Fos expression in
the BNST in C-LA rats, the reason why recruitment of the
BNST was not essential for cocaine-seeking behaviour in-
duced by OrxA administered to the pPVT remains unclear.
The CeA and BNST are interconnected brain structures.®
One could argue that the CeA and BNST control distinct
functions with respect to stress and anxiety. The CeA and
BNST play different roles in the regulation of anxiety and
fear states, suggesting that the BNST mediates persistent
anxiety-like responses, unlike the CeA, which produces de-
fensive behaviours in response to forthcoming threats.®
However, other studies have also shown that these 2 brain
structures coordinate to encode aversive experiences in both
acute and chronic responses to fear and anxiety.®*% Never-
theless, although the BNST could play a role in promoting
cocaine-seeking behaviour, activation of the BNST does not
appear to be necessary to mediate cocaine-seeking behav-
iour induced by an OrxA injection in the pPVT. We also ob-
served increases in Fos expression in the prelimbic cortex,
infralimbic cortex and basolateral amygdala, not only fol-
lowing cocaine-seeking behaviour induced by OrxA admin-
istration to the pPVT but also when the rats were returned
to their home cage. These observations suggest that the in-
itial recruitment of these brain regions was attributable to
direct activation following intra-pPVT OrxA injection, in
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contrast to our observations for the CeA and BNST. These
findings further suggest that activation of the CeA and
BNST during cocaine-seeking behaviour induced by intra-
pPVT OrxA administration could be indirect and will need
to be investigated further.

The fact that we did not include female rats in the pres-
ent study is a limitation. There are notable sex differences
in cocaine addiction. Women differ from men on several
measures of addictive behaviour, ranging from the tem-
poral development of dependence to susceptibility to re-
lapse.®® In rodents, female rats versus male rats acquire
cocaine self-administration more quickly and exhibit
greater resistance to extinction;*#® they also show an in-
crease in cocaine prime-induced reinstatement® but simi-
lar cue- and stress-induced reinstatement.®®”%”! Evidence
also shows sex differences in the orexin system, in which
females exhibit higher activity than males. This contrib-
utes to sex differences in response to stress.”? However,
only a few studies of the involvement of the orexin system
in drug addiction have specifically examined sex differ-
ences. The orexin receptor 1 antagonist SB334 867 attenu-
ated cocaine cue-induced reinstatement and cocaine drug
+ cue prime-induced reinstatement in males, but orexin
receptor 1 blockade had no effect in females.”” Males were
sensitive to the effects of moderate doses of SB334867 on
stress-induced reinstatement and the combination of
stress + cue, whereas female rats exhibited a decrease in
reinstatement only at higher SB334867 doses.” Although
the exact mechanisms that underlie these sex differences
are unclear, gonadal hormones may play a critical role.
Estrogen facilitates drug-seeking and locomotor sensitiza-
tion, and progesterone counteracts the effects of estro-
gen.”* Sex and estrous-cycle differences in the orexin sys-
tem have been reported. Female rats express higher levels
of OrxA and orexin receptor 1 in the hypothalamus com-
pared to male rats,”>’® and the hypothalamic expression of
orexin receptors increases selectively in female rats dur-
ing proestrus compared to other estrous cycle stages.”
Males and females could exhibit similar reinstatement of
cocaine-seeking or sweetened condensed milk-seeking;
but assuming that an increase in orexin receptor expres-
sion is similar between the PVT and hypothalamus, de-
pending on the estrous cycle, females could be more sen-
sitive to the effect of pPVT OrxA prime-induced
reinstatement (i.e., the same dose of OrxA could induce a
stronger effect than what we observed for males) and ex-
hibit stronger activation of both the CeA and BNST. A
thorough examination of specific brain regions that are re-
cruited by intra-pPVT OrxA administration in female rats
and the importance of their functionality during cocaine-
seeking behaviour are necessary to better understand the
neurobiology of cocaine-seeking behaviour induced by
intra-pPVT OrxA administration.

Limitations

The potential limitations of this study included the following:
the use of male rats only; the use of an indirect approach to test

the hypothesis that OrxA administered to the pPVT drives
cocaine-seeking via CRF, receptor signalling in the CeA; and
the lack of analysis of the participation of CeA subregions.

Conclusion

The results of the present study showed that cocaine-seeking
behaviour induced by OrxA administered to the pPVT was
driven by the activation of CeA CRF, receptors in rats that
were previously exposed to extended-access cocaine. These
data provide novel insights into the mechanism that under-
lies cocaine craving and relapse, and the participation of the
hypothalamus-PVT-CeA axis.
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