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Abstract

Originally studied for its role in energy homeostasis, the paraventricular nucleus of the thalamus
(PVT) has recently gained attention because of its involvement in the modulation of drug-directed
behavior. The posterior part of the PVT (pPVT) is connected with brain structures that modulate
motivated behavior, and we tested whether the pPVT plays a pivotal role in cocaine seeking. The
aim of the present study was to investigate whether transient inactivation of the pPVT prevents
cue-induced reinstatement of cocaine seeking but not natural reward seeking. Male Wistar rats
were trained to associate a discriminative stimulus (S*) with the availability of cocaine or a highly
palatable conventional reinforcer, sweetened condensed milk (SCM). Following extinction, the
cocaine S* and SCM S* elicited comparable levels of reinstatement. Intra-pPVT administration of
the y-aminobutyric acid-A (GABA,) and GABAGg receptor agonists muscimol and baclofen (0.06
and 0.6 mM, respectively) prior to the presentation of the cocaine or SCM S* completely
prevented the reinstatement of cocaine seeking, with no statistically significant effects on SCM
seeking. These data show that the pPVT plays an important role in neuronal mechanisms that
drive cocaine-seeking behavior.
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INTRODUCTION

The high relapse rate and long-lasting vulnerability to relapse in abstinent individuals are
among the challenges encountered in the effective treatment of drug addiction [17, 25, 27,
28]. One hypothesis that can explain the long-lasting nature of drug-seeking behavior is that
the neuronal circuits that mediate the control of drug-seeking and drug-taking behaviors
have common motivational neuronal substrates that are not specific to addiction-related
processes but are robustly activated by drugs.
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The thalamus was recently proposed to be included in the neurocircuitry of addiction [15,
24]. The paraventricular nucleus of the thalamus (PVT), considered a communication point
between the ventral and dorsal striatum and lateral hypothalamus, has drawn attention
because it plays a key role in energy homeostasis, arousal, endocrine regulation, and reward
[3, 14, 30, 35] and has been reported to be engaged in the effects of drugs (e.g., cocaine and
ethanol). The posterior part of the PVT (pPVT) projects to the nucleus accumbens (NAC),
extended amygdala, and medial prefrontal cortex (mPFC) [18], placing the pPVT at a
pivotal point to modulate motivated behavior.

Earlier findings showed that the PVT is activated by the presentation of cocaine-paired cues
[5]. Recent findings demonstrated that transient inactivation of the PVT prevented cocaine
prime-induced reinstatement [12] and the expression of conditioned place preference [6].
Moreover, data from this laboratory demonstrated a positive correlation between cocaine-
seeking behavior that was induced by cocaine-related stimuli and PVT activation (measured
by Fos-expressing neurons), whereas presentation of the stimulus that was predictive of a
potent food reward (SCM S*) elicited reinstatement but induced only nonspecific Fos
expression that was not correlated with behavior, confirming that the PVT, as a whole, is
recruited during the conditioned reinstatement of cocaine seeking [22].

Based on the previous observations that the PVT is differentially recruited by stimuli that
are conditioned to the availability of cocaine vs. palatable food reward and that the pPVT is
specifically connected to brain structures that are involved in the regulation of motivated
behavior, the aim of the present study was to evaluate the importance of pPVT integrity in
cocaine-seeking behavior vs. behavior that is motivated by stimuli that are conditioned to a
highly palatable conventional reinforcer (sweetened condensed milk [SCM]). This was
achieved by transiently inactivating the pPVT using the y-aminobutyric acid-A (GABAp)
and GABAGg receptor agonists muscimol and baclofen, respectively, administered together
before conditioned reinstatement.

MATERIALS AND METHODS

Animals

Drugs

Forty-two male Wistar rats (Charles River, Wilmington, MA, USA), weighing 200-225 g
upon arrival, were housed two per cage in a temperature- and humidity-controlled vivarium
on a reverse 12 h/12 h light/dark cycle with ad libitumaccess to food and water. All of the
procedures were conducted in strict adherence to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of The Scripps Research Institute.

Cocaine hydrochloride (COC; National Institute on Drug Abuse, Bethesda, MD, USA) was
dissolved in 0.9% sodium chloride (Hospira, Lake Forest, IL, USA; 2.5 mg/ml). Sweetened
condensed milk (Nestlé, Solon, OH, USA) was diluted 2:1 (v/v) in water. Muscimol and
baclofen (M/B; Tocris Bioscience, Bristol, United Kingdom) were dissolved in 0.9% sodium
chloride at concentrations of 0.06 and 0.6 mM, respectively.
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Self-administration, conditioning, and extinction

Behavioral training and testing were conducted as previously described [20, 21] (Fig. 1).
Rats that were designated for COC self-administration training were surgically prepared
with indwelling silastic catheters that were inserted in the right jugular vein. Rats that were
designated for testing with the highly palatable food reward, SCM, were not subjected to
surgical procedures. Following 7 days of postsurgical recovery, the rats began self-
administration training. Each session was initiated by extending two retractable levers into
the operant conditioning chamber. The self-administration of COC (0.25 mg per 0.1 ml
infusion, delivered over 4 s) or SCM (0.1 ml delivered into a 0.2 ml receptacle) began on a
fixed-ratio 1 (FR1) schedule of reinforcement in daily 120-min (COC) or 40-min (SCM)
sessions, 5 days per week. Responses at the right, active lever were reinforced, followed by
a 20-s timeout (20 s TO) period that was signaled by illumination of a cue light above the
active lever. During this time, the lever remained inactive to prevent accidental overdosing
with COC. To maintain identical training and experimental conditions, the 20 s sighaled TO
period was implemented during SCM self-administration. Responses at the left, inactive
lever were without programmed consequences. Following 10 days of COC or SCM self-
administration training, a contingency was introduced whereby responses at the active lever
were differentially reinforced in the presence of discriminative stimuli (SP) that signaled
reward availability vs. non-availability. Constant 70 dB white noise served as a
discriminative stimulus (S*) that signaled availability of the reinforcer (COC or SCM),
whereas illumination of a 2.8 W house light located at the top of the chamber’s front panel
served as a discriminative stimulus (S7) that signaled non-availability of the reinforcer (i.e.,
saline solution instead of COC or no consequence instead of SCM). Each session was
initiated by presenting the respective SP and extending the levers into the chambers. The SP
remained present until termination of the session by retraction of the levers. In the presence
of the S*, responses at the right, active lever were reinforced by COC or SCM on an FR1
schedule, followed by a 20 s TO period that was signaled by illumination of a cue light
above the lever. In the presence of the S™, responses at the right, active lever were followed
by an intermittent tone, during which the lever remained inactive for 20 s. Three daily
sessions (each lasting 1 h for the COC group and 20 min for the SCM group), separated by
30 min intervals, were conducted, with two S* (reward) sessions and one S~ (non-reward)
session sequenced in random order. The SCM sessions were restricted to 20 min to avoid
satiety by the excessive ingestion of SCM and to ensure that the number of responses were
comparable during the first and second S* sessions [20, 21]. Three days after the beginning
of the conditioning training, the rats were implanted with a guide cannula (23-gauge, 15
mm, Plastics One, Roanoke, VA, USA) aimed at the pPVT (anterior/posterior, —3.3 mm;
medial/lateral, £2.72 mm from bregma; dorsal/ventral, —2.96 mm from dura, at an angle of
25° [31], positioned 3.5 mm above the target injection point; Fig. 2). After 7-10 days of
recovery, the animals resumed conditioning training for an additional 7 days. Following a
total of 10 days of conditioning training (i.e., a total of 20 S* and 10 S~ sessions), both the
COC and SCM groups were placed on extinction (EXT) conditions in daily 1 h sessions.
Each EXT session was initiated by extension of the active and inactive levers in the absence
of either SP. During an EXT session, the rats were allowed to lever press, but they did not
receive reinforcement. The EXT criterion was less than five responses per session for 3
consecutive days.
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Conditioned reinstatement

Histology

On the last day of EXT training, every rat received a sham injection (SHAM) for habituation
to the microinjection (Fig. 1). Twenty-four hours later, both groups of animals (SCM and
COC) underwent the reinstatement test with reintroduction of the S™. Three days later, the
animals received an intra-PVT microinjection of the GABAA/GABARg agonists (M/B) or
vehicle (VEH; Fig. 1) using a microinfusion pump (Harvard 22 Syringe Pump, Holliston,
MA, USA) and injectors that extended 3.5 mm beyond the guide cannula. Injections were
made at a flow rate of 0.5 ul/min over 1 min, followed by an additional 1 min with the
injector in place to allow for drug diffusion. Reinstatement tests were conducted under
extinction conditions but with reintroduction of the S* only.

Upon completion of the reinstatement test, the rats were euthanized by CO, inhalation, and
their brains were collected and snap frozen. The brains were then sliced in 40 um coronal
sections, and injector placements within the pPVT were verified (Fig. 2).

Statistical analysis

RESULTS

The data were analyzed using one- or two-way analysis of variance (ANOVA). Significant
main effects or interactions were followed by the Protected Least Significant Difference
(PLSD) post hoc test or pairwise comparisons when appropriate. Differences in responding
at the active lever between the respective reward and non-reward conditions during the last
day of the training/conditioning phase were analyzed using paired t-tests.

Two rats in the SCM group and four rats in the COC group were lost because of cannula
misplacement (n = 2 for SCM and 1 for COC), health complications (n = 2 for COC), or the
lack of acquisition of COC self-administration (n = 1), thus reducing the number of animals
to n=17 for COC and n =19 for SCM.

Self-administration, conditioning, and extinction

Rats in both the COC (n=17) and SCM (n = 19) groups acquired robust and stable
responding for the reward and showed only negligible responding for the non-reward (paired
t-test: COC, t15 = 7.974, p < 0.0001; SCM, t1g = 109.4, p < 0.0001; Fig. 3A). The number of
days to reach the extinction criteria (< 5 responses) was similar for both the COC and SCM
animals (10 £ 5 days and 12 + 4 days, respectively).

Conditioned reinstatement

Neither SHAM nor S~ presentation induced reinstatement (two-way ANOVA,; Group [COC,
SCM]: Fq 102 = 0.009, p > 0.05; Reinstatement [EXT, SHAM, S7]: F; 102 = 1.441, p> 0.05;
Group x Reinstatement interaction: F; 109» = 0.51, p > 0.05; Fig. 3B). Following the intra-
pPVT VEH injection, S* presentation produced comparable reinstatement in both COC and
SCM animals (two-way ANOVA; Group [COC, SCM]: F1 15 =0.369, p> 0.05,
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Reinstatement [S™, S* VEH]: Fy 15 = 34.58, p < 0.0001; Group x Reinstatement interaction:
F1,15=0.2517, p> 0.05; Fig. 3C).

Following the M/B injection, COC-seeking behavior was completely abolished (two-way
ANOVA; Group [COC, SCM]: Fy 17 = 4.567, p < 0.05; Reinstatement [S™, S* M/B]: Fy 17 =
2.070, p > 0.05; Group x Reinstatement interaction: F1 17 = 5.369, p < 0.05; Fig. 3C). Post
hoc tests confirmed that M/B prevented COC seeking (PLSD p < 0.01, vs. SCM S* M/B;
Fig. 3C). Separate two-way ANOVAs for the COC and SCM groups showed that M/B had
no significant effect on the conditioned reinstatement of SCM seeking, although a noticeable
reduction was observed (PLSD post hoc test; p < 0.05, vs. S~ following two-way ANOVA,;
Group [VEH, M/B]: F1 17 = 1.04, p > 0.05; Reinstatement [S~, S*]: F1 17 = 18.30, p < 0.001;
Group x Reinstatement interaction: F1 17 = 1.69, p > 0.05; Fig. 3B, C). In contrast, M/B
completely prevented the effect of the COC S* (PLSD post hoc test; p < 0.05, vs. S7; p <
0.001, vs. S* VEH, following two-way ANOVA; Group [VEH, M/B]: Fy 15 =7.12, p<
0.05; Reinstatement [S™, S*]: Fy 15 = 14.47, p < 0.001; Group x Reinstatement interaction:
F115=22.09, p<0.001; Fig. 3B, C).

Interestingly, the three animals with cannula misplacements (n = 1 for SCM S* VEH, n=1
for SCM S* M/B, and n = 1 for COC S* M/B) exhibited comparable conditioned
reinstatement to the S* VEH groups of rats (27 responses for SCM S* VEH, 32 responses
for SCM S* M/B, and 34 responses for COC S* M/B).

DISCUSSION

Although reward-predictive environmental stimuli (S*) produced strong and identical
recovery of responding, regardless of whether they were conditioned to a conventional
reward (SCM) or drug reward (cocaine), transient inactivation of the pPVT completely
inhibited cocaine-seeking behavior but had no significant effect on the motivational actions
of stimuli that were conditioned to SCM. These findings implicate the pPVT as an important
site that regulates the control of cocaine seeking by environmental stimuli, with a negligible
effect on behavior that is controlled by stimuli that are conditioned to a highly palatable food
reward.

Before discussing the implications of these findings, examining differences in baseline
levels of responding during conditioning is necessary, which were considerably higher with
SCM than with cocaine. Despite these differences, the level of reinstatement that was
induced by the cocaine- and SCM-associated stimuli was similar. Reinforcing efficacy and
the rate of responding on FR schedules are not necessarily correlated [32, 33]. The
concentration of SCM that was used in the present study has been shown to maintain
breakpoints under a progressive-ratio schedule of reinforcement that are comparable to those
measured with the dose of cocaine that was used in the present study [32, 33]. Moreover, the
magnitude of the response that was induced by the cocaine and SCM S* during the
reinstatement tests was statistically identical, which was the goal of the present paradigm.
This suggests that under the present conditions, reliable and comparable conditioning effects
occurred for the cocaine and SCM reinforcers, which is consistent with previous reports [1,
10, 20, 21].
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One hypothesis that may explain the importance of pPVT inactivation in preventing cocaine
seeking vs. SCM seeking is that the pPVT is more recruited/activated during drug-related
behavior and essential for mediating cocaine-seeking behavior, but not to the same extent as
SCM-seeking behavior. This hypothesis is supported by previous findings [11] and data
from this laboratory that showed a correlation between cocaine seeking and PVT activation
(i.e., increased Fos expression) but no correlation between SCM seeking and PVT activation
[22]. An alternative explanation for the specific blockade of cocaine seeking vs. SCM
seeking by M/B is that during self-administration, cocaine alters PVT neurotransmission,
which in turn makes the PVT more sensitive to pharmacological manipulations. Supporting
this hypothesis, a study from our laboratory investigated the involvement of orexin/
hypocretin (Orx/Hcrt) transmission in the pPVT during cocaine-seeking behavior and found
that although intra-pPVT orexin-A/hypocretin-1 injections exerted a priming-like effect (i.e.,
reinstated both cocaine and SCM seeking), it produced different dose-response profiles, with
stronger reinstatement of cocaine vs. SCM seeking at moderate doses [23].

The present study shows that the integrity of the pPVT is necessary for the expression of
cocaine-seeking behavior but not SCM-seeking behavior. These data extend earlier findings
that showed that lesions of the entire PVT disrupted several behavioral effects of drugs of
abuse. For example, electrolytic lesions of the PVT prevented cocaine-induced locomotor
sensitization [37]. Excitotoxic lesions of the PVT blocked the contextual reinstatement of
alcohol seeking [9]. Transient inactivation of the PVT with tetrodotoxin attenuated cocaine-
induced reinstatement [12]. Microinjection of a k opioid receptor agonist into the PVT
blocked the contextual reinstatement of alcoholic beer seeking [19]. Moreover, pPVT
neurons project to brain structures that mediate craving and cocaine seeking (e.g., medial
prefrontal cortex [MPFC], nucleus accumbens shell [NACsh], and amygdala) [7, 15, 26, 36].
The PVT also sends glutamatergic efferents to the NACsh. When the PVT is stimulated, an
increase in glutamate levels is observed in the NACsh [13, 29], a phenomenon that has been
hypothesized to be linked to cocaine-seeking behavior in animal models [8]. Additional
evidence from the ethanol research field also supports a role for PVT projections to the
NACsh in the regulation of drug-seeking behavior, such that the context-induced
reinstatement of alcoholic beer seeking is associated with PVT-NACsh pathway recruitment
[9]. Therefore, the behavioral effect that stems from pPVT inactivation (i.e., full prevention
of cocaine-seeking behavior) may result from the blockade of communication between this
thalamic nucleus and its projection targets that participate in the mediation of drug-seeking
behavior.

The PVT is known to be involved in ingestive behavior [2, 4, 14, 30, 34]. The present study
extends these findings, showing that the pPVT participates in the regulation of behavior that
is motivated by stimuli that are conditioned to COC and to a lesser extent behavior that is
motivated by stimuli that are conditioned to a highly palatable food. Importantly, a
functional difference has been reported between the roles of the anterior part of the PVT
(@aPVT) and pPVT in alcohol and sucrose (another palatable sweet solution) ingestion. For
example, Barson et al. found that Orx/Hcrt administration in the aPVT stimulated alcohol
intake but had no effect on sucrose, food, or water intake, whereas intra-pPVT Orx/Hcrt
injection only increased sucrose intake, with no effect on alcohol, water, or food intake [2].
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Earlier studies reported that lesions of the PVT increased food intake and weight gain in rats
[4], and intra-pPVT muscimol injections increased food consumption in rats [34]. These
studies are difficult to reconcile with the present findings. Nevertheless, the intra-PVT
injections in the current study were aimed at the posterior portion of the nucleus. Because
different subregions of the PVT may present different connectivity (e.g., [15]), further work
will be required to determine whether injections into the rostral or medial poles of the PVT
exert similar effects on COC conditioned reinstatement vs. SCM conditioned reinstatement
as those observed in the present study.

Overall, the present data show that pPVT functionality is necessary for the expression of
cocaine-seeking behavior. Remaining to be determined, however, is the importance of
subpopulations of pPVT neurons that are recruited during cocaine-seeking behavior. The
selective inactivation of neuronal ensembles using Daun02 inactivation in c-fos-lacZ
transgenic rats [16] will confirm whether the pPVT neurons that are activated during cocaine
seeking are necessary for the expression of cocaine-seeking behavior. Such data may reveal
valuable targets for the treatment of drug abuse, craving, and relapse, without producing
nonspecific side effects that may interfere with natural motivated behavior. Other
unresolved issues are whether inactivation of the pPVT will affect conditioned reinstatement
for other drugs of abuse (e.g., heroin and alcohol) and whether the aPVT and pPVT are
distinctly recruited during the different stages of the addiction process (i.e., consummatory
behavior maintained by the drugs vs. conditioned reinstatement induced by drug-paired
contextual stimuli).
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Fig. 1.
General behavioral procedure.
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Fig. 2.
pPVT injection sites: (A) cocaine, (B) SCM (sweetened condensed milk).
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Fig. 3.

Ingctivation of the pPVT selectively prevents cocaine-seeking behavior. Following
conditioning (***p < 0.001, vs. respective non-reward) (A) and extinction (B), presentation
of the COC S* or SCM S* (C) under vehicle (VEH) conditions produced robust
reinstatement compared with the non-reward stimulus (S™; ***p < 0.001, *p < 0.05, vs.
respective S7). Inactivation of the pPVT with muscimol/baclofen (M/B) prevented cocaine
seeking only (***p < 0.001, vs. VEH; ##p < 0.01, vs. S* SCM with M/B pretreatment). COC,
cocaine; SCM, sweetened condensed milk; EXT, extinction; VEH, vehicle; M/B, muscimol/
baclofen.
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