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Abstract

Individual vulnerability to stress-induced relapse during abstinence from chronic heroin exposure
is a key feature of opiate addiction, with limited studies on this topic. Arginine vasopressin (AVP)
and its V1b receptor, components of the brain stress responsive systems, play a role in heroin-
seeking behavior triggered by foot shock (FS) stress in rats. In this study, we tested whether
individual differences in the FS-induced heroin-seeking were associated with alterations of AVP
and V1b, as well as other stress responsive systems, including pro-opiomelanocortin (POMC),
orexin, plasma ACTH and corticosterone, as well as dopamine D2 receptor (D2) and plasma
prolactin. Sprague-Dawley rats were subjected to 3-hour intravenous heroin self-administration
(SA) and then tested in extinction, FS-induced and heroin priming-induced reinstatements. The
rats that self-administered heroin were divided to high and low reinstatement responders induced
by FS (H-RI; L-RI). Over SA sessions, both the H-RI and L-RI displayed similar active lever
responding, heroin infusion and total heroin intake. Compared to the L-RI, however, the H-RI
showed greater active lever responses during stress-induced reinstatement, with higher AVP
mRNA levels in medial/basolateral amygdala and lower D2 mRNA levels in caudate putamen.
However, heroin priming resulted in similar reinstatement in both groups and produced similarly
low POMC and high orexin mRNA levels in hypothalamus. Our results indicate that: 1) enhanced
amygdalar AVP and reduced striatal D2 expression may be related to individual vulnerability to
stress-induced reinstatement of heroin- seeking; and 2) heroin abstinence-associated alterations of
hypothalamic orexin and POMC expression may be involved in drug priming-induced heroin-
seeking.
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Introduction

There have been numeral animal studies on drug addiction that explored individual
propensities to develop addictive behavior, including locomotor responses to novelty, to
initial drug challenges or development of behavioral sensitization [e.g., 1, 2]. While these
factors could contribute to the initiation and maintenance of drug self-administration, there
is limited data exploring the core feature of addiction: individual vulnerability to relapse
during abstinence from chronic drug self-administration. In animal studies of drug self-
administration, vulnerability for relapse can be assessed using reinstatement procedures [3,
4]. These procedures may represent valid models of drug craving because similar
environmental and pharmacological stimuli trigger both drug-seeking behavior in animals
and drug craving in humans [4, 5], and may have predictive validity in evaluating anti-
craving compounds for use in the treatment of addiction [e.g., 6].

Heroin addiction is a chronic relapsing disease of the brain caused by drug-induced
neuroadaptations at the molecular and cellular levels [7, 8]. It is well known that many stress
responsive systems in the CNS, including the peptides, their receptors, and stress-related
hormones, are involved in drug cravings in humans [9, 10, 11], and drug-seeking behavior
triggered by exposure to various stressors in animals [4]. More specifically, in response to
stress, hypothalamic arginine vasopressin (AVP) which activates V1b receptors stimulates
ACTH secretion from the corticotropes in the anterior pituitary [e.g., 12, 13, 14]. The
AVP/V1b receptor system is widely distributed in the CNS, suggesting that it may be
mediators of the actions of central stress responsive systems [15]. Indeed, there is a growing
body of evidence suggesting that AVP activity in the amygdala is an important element in
the neurobiology of stress-related behaviors in rodents [15]. Increased AVP gene expression
in the amygdala is associated with early withdrawal from chronic exposure to opiates, and
the selective AVP V1b (but not VV1a) receptor antagonist attenuates heroin-seeking behavior
induced by foot shock stress [16]. These findings suggest that the amygdalar stress-
responsive AVP/V1b receptor system may be a critical component of the neural circuitry
underlying opiate withdrawal, and the effect of stress on drug-seeking behavior.

Heroin, morphine and other short-acting opiates regulate the activity of endogenous opioid
systems, and chronic opiate exposure can cause a relative deficiency in beta-endorphin/mu
opioid receptor system [7]. Although early studies reported a lack of effect on beta-
endorphin-immunoreactivity levels in many brain regions of rodents [8], studies of pro-
opiomelanocortin (POMC) gene expression indicated that chronic opiate exposure
significantly decreased POMC mRNA levels in the hypothalamus [e.g., 17, 18]. Another
interesting stress-related peptide is orexin: mu opioid receptor agonists (including beta-
endorphin) inhibit orexin-producing neurons in the lateral hypothalamus [19]. Acute opiate
withdrawal is associated with increased orexin expression and activity in this region [20,
21], which may play an important role in opiate-seeking behaviors [22, 23].

Physiol Behav. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhou et al.

Page 3

The objective of this study is explore whether individual differences in the vulnerability to
drug relapse after comparable histories of drug exposure may be related to individual
differences in key stress-responsive neurochemical systems. For this purpose, we
specifically designed a set of novel experiments in rats to determine if individual differences
in stress-induced heroin-seeking would be associated with differences in the expression of
central AVP, POMC, or orexin genes. In the present study, rats were trained to
intravenously self-administer heroin for 7 days and, after a 4-day period of extinction, they
were tested for reinstatement of lever pressing (heroin —associate lever with saline available
only) induced by acute (15-min) intermittent foot shock stress [6, 24]. Following this test,
rats were divided into high and low reinstatement responders (H-RI and L-RI) to acute foot
shock stress. In order to verify the specificity of the stress-defined H-RI and L-RI groups, all
rats were also tested for reinstatement of lever pressing induced by a heroin prime. Nine
days after heroin self-administration, specific brain regions were collected to quantify AVP,
POMC and orexin gene expressions, and the alterations were analyzed in the H-RI and L-RI
groups. Because availability of dopamine D2 receptor (D2) binding and D2 gene expression
in the striatum have been associated with cocaine seeking [25, 26], we also determined if the
changes in striatal D2 expression, as well as in the stress hormones (ACTH, corticosterone
and prolactin), were correlated with vulnerability to stress-induced heroin-seeking.

Material and methods

I. Heroin self-administration, extinction, foot shock- and heroin- induced reinstatement

As mentioned in the self-administration section below, we used an acquisition criterion to
identify sub-groups of drug self-administration responders (n=20) and non-responders (n=6)
that differed in amount of heroin exposure during self-administration. Within the group of
drug self-administration responders, we also observed large individual differences in levels
of lever-pressing during the acute foot shock-induced reinstatement session. Thus, we
employed the median-split approach [e.g., 27] to further subdivide this group into “high”
(H-RI) and “low” (L-RI) stress-reinstatement rats.

1. Subjects—Twenty six adult male out-bred Sprague-Dawley rats (Charles River, QC),
weighing 225-250g at the beginning of the experiment, were singly housed and maintained
on a reverse light/dark cycle (8:00 hour lights off; 20:00 hour lights on) with free access to
food and water except during behavioral testing, which occurred during the dark cycle. All
experiments were approved by the Animal Care Committee of the University of Guelph and
were carried out in accordance with the recommendations of the Canadian Council on
Animal Care.

2. Surgery—Rats were surgically implanted with intravenous silastic catheters (Dow
Corning, Midland, MI) in the right jugular vein, under general anesthesia induced by a
combination of sodium pentobarbital (18.5 mg/kg IP, MTC Pharmaceutical, Cambridge,
ON), morphine (5 mg/kg SC, Ontario Veterinary College, Guelph, ON), and diazepam (1
mg/kg SC, Sabex Inc., Boucherville, QC). Rats were given atropine sulfate (4.5 mg/kg SC,
Ontario Veterinary College, Guelph, ON) just before surgery and Depocillin (300 000 1U,
0.1 ml/rat IM, Intervet Canada, Whitby, ON) immediately following surgery. The catheter
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was secured to the vein with silk sutures and was passed subcutaneously to the top of the
skull where it exited into a connector (a modified 22 G cannula; Plastics One, Roanoke, VA)
mounted to the skull with jeweler’s screws and dental cement. A plastic blocker was placed
over the opening of the connector during the recovery period and at all other times when the
rats were not in a self-administration session. To prevent clogging, catheters were flushed
every day with 0.1 ml of a saline-heparin solution (0.2 mg/ml Hepalean 1.000 IU, Organon,
Toronto, ON). Behavioral testing began after 8 days of recovery from surgery.

3. Apparatus—Twenty-six Plexiglas operant chambers (model ENV-008CT, Med
Associates, Georgia, VT) were each enclosed in larger sound-attenuating plywood chambers
(model ENV-018M, Med Associates). Each operant box had a house light (28 V) and two
levers, one retractable and one stationary, located 10 cm apart and 8 cm above the floor of
the box. The retractable lever (active lever) was connected to an infusion pump positioned
outside the sound-insulating chamber for the delivery of drugs (Razel Scientific Instruments,
Stamford, CT). The stationary lever served to control for baseline, non-reinforced operant
behavior; pressing this lever had no consequence (inactive lever), but all presses were
recorded. A white light (28V) stimulus located 3 cm above the active lever was illuminated
for 30 s at the beginning of the session, and for the duration of each drug infusion (5 s),
serving as a discrete cue or conditioned stimulus for drug delivery. Each self-administration
chamber was fitted to deliver constant-current, intermittent, inescapable, electric foot shock
through a scrambler (model ENV-414, Med Associates) to the grid floor.

4. Procedure—The behavioral experiment consisted of three phases: self-administration,
extinction, and reinstatement (see Fig. S1).

(A) Self-administration: One 3-h self-administration session occurred every day for 7
consecutive days. Rats were transferred from their home cages to the operant chambers and
their cannulas attached to infusion lines. Each session began with the activation of the house
light, the entry of the retractable lever and the illumination of the light cue for 30 s. If the rat
pressed the active lever during this initial presentation of the light cue, it received an
infusion of heroin (0.05 mg/kg/infusion) followed by termination of the light. Subsequently,
active lever-presses led to heroin infusions, and activation of the light (conditioning
stimulus), according to a schedule of continuous reinforcement. Drug was infused in a
volume of 150 pl over a 5-s period, and responses during this period were recorded, but did
not lead to additional infusion.

During heroin self-administration, we noted individual variability in heroin intake that was
not attributable to any obvious technical issue since catheter patency was verified daily by
drawing blood. Rather than excluding the “non-responders (NR)”, these rats were tested
until the conclusion of the experiment and employed as “heroin control” for the rats that
showed clear acquisition. The criterion used to classify the NR was as follows: less than a
total of 20 infusions taken on days 5, 6 and 7 of self-administration testing.

An additional control group (n=8) was comprised of rats were trained to self-administer
saline. On the subsequent stages of the experiment, these rats were not exposed to foot-
shock or to the heroin prime (heroin/stress control group).

Physiol Behav. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhou et al.

Page 5

(B) Extinction: Forty-eight hours after the last heroin self-administration session, extinction
occurred over four 3-h sessions (days 9-12, see Fig. S1). Extinction sessions were identical
to the self-administration sessions except that saline was substituted for heroin.

(C) Reinstatement: Twenty-four hours after the last extinction session (day 13), rats were
tested for foot shock-induced reinstatement. During this session, rats were exposed to 15
min of intermittent foot shock stress (0.5 mA, 0.5 s ON, a mean OFF period of 40 s) and
then immediately monitored for lever-pressing in extinction conditions for 3 hours. Forty-
eight hours later (day 15), rats were tested for heroin-induced reinstatement. No additional
extinction was given between the two tests. For this second test, rats received an injection of
heroin (0.25 mg/kg s.c.), and following a 10-min interval, lever-pressing in extinction
conditions was monitored for 3 h. Twenty-four hours following the heroin reinstatement
session (day 16, 9 days after the last self-administration session), the experiment was
concluded by exposing the rats to 15 min of intermittent foot shock stress (0.5 mA, 0.5 s
ON, a mean OFF period of 40 s) in the operant chambers. Shortly after (45 min) this stress
“challenge,” rats were sacrificed by decapitation following brief exposure to CO,
(approximately 15 seconds), and specific brain and pituitary regions, as well as plasma were
collected for subsequent mMRNA and hormone analyses.

As mentioned above, the “heroin/stress control” received saline during self-administration,
no foot-shock prior to the first reinstatement test, and saline prior to the second test. Also
this group did not receive the stress “challenge” prior to tissue collection. Although other
controls (heroin self-administration only, stress reinstatement only, heroin reinstatement
only) could have been included, this was the only group necessary for the interpretations of
inter-group individual differences in gene expression.

Il. Preparation of RNA extracts

Nine days after the last heroin self-administration session, all rats (except the heroin/stress
controls) were exposed to the 15-min acute intermittent foot shock stress identical to that
used during the acute stress-induced reinstatement session, and 45 min later, the brain
tissues and plasma were collected.

Each brain was removed from the skull and placed in a chilled rat brain matrix (ASI
Instruments, Houston, Texas). A coronal slice containing the region of interest was removed
from the matrix and placed on a chilled petri dish. Dissection was carried out using razor
blades and forceps under a dissecting microscope. The brain regions of interest were
identified according to The Rat Brain in Stereotaxic Coordinates [28]. The lateral
hypothalamus (LH), medial portion of the hypothalamus (MH, include the arcuate nucleus,
dorsomedial hypothalamus, and paraventricular nucleus), caudate-putamen (CPu), central
amygdal (CeA) and medial/basolateral portions of the amygdala (Me/BLA), ventral
tegmental area (VTA), and anterior pituitary (AP) were dissected on ice, homogenized in
guanidinium thiocyanate buffer and extracted with acidic phenol and chloroform. After the
final ethanol precipitation step, each extract was re-suspended in DEPC-treated H,0 and
stored at —80°C.
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[ll. Solution hybridization ribonuclease protection-trichloroacetic acid precipitation assay

The protocol for the solution hybridization ribonuclease protection-trichloroacetic acid
precipitation has been described in detail in earlier report [21]. A 538-base pair (bp)
fragment from the rat POMC cDNA or a 860-bp fragment from the rat dopamine D2
receptor cDNA was cloned into the polylinker region of either pSP64 or pSP65 plasmids
(Promega, Madison, WI) in both the sense and antisense orientations. A 531 bp fragment
from the rat orexin (or hypocretin) cDNA was cloned into the polylinker region of pBC SK+
(Stratagene, La Jolla, CA). A 502 bp fragment from the rat AVP cDNA or a 1201 bp
fragment from the rat VV1b receptor cDNA was cloned into the polylinker region of pCR Il
(Invitrogen, Carlsbad CA). The plasmid pS/E (a pSP65 derivative) was used to synthesize
riboprobe for the 18S rRNA to determine total RNA. 33P-labeled cRNA antisense probes
and unlabeled cRNA sense standards were synthesized using a SP6, T3 or T7 transcription
system. A denaturing agarose gel containing 1.0 M formaldehyde showed that a single full-
length transcript had been synthesized from each plasmid.

RNA extracts were dried in 1.5 ml Eppendorf tubes and resuspended in 30 pl of 2 x TESS
(10 mM N-Tris[hydroxy-methyllmethyl-2-aminoethane sulfonic acid, pH 7.4; 10 mM
ethylenediaminetetraacetic acid [EDTA]; 0.3 M NaCl; 0.5% sodium dodecyl sulfate [SDS])
that contained 150 to 300 K cpm of a probe. Samples were covered with mineral oil and
hybridized overnight at 75°C. For RNase treatment, 250 ul of a buffer containing 0.3 M
NaCl; 5 mM EDTA; 10 mM Tris-HCI (pH 7.5), 40 pg/ml RNase A (Worthington,
Biochemicals, Freehold, NJ) and 2 ug/ml RNase T1 (Calbiochem, San Diego, CA) was
added and each sample was incubated at 30°C for 1 hour. Trichloroacetic acid precipitation
was effected by the addition of 1 ml of a solution that contained 5% TCA and 0.75% sodium
pyrophosphate. Precipitates were collected onto a filter in sets of 24 using a cell harvester
(Brandel, Gaithersburg, MD) and were measured in a scintillation counter with liquid
scintillant (Beckman, Palo Alto, CA).

The procedure to measure mRNA levels involved a comparison of values obtained from
experimental samples (brain extracts) to those obtained for a set of calibration standards.
The calibration standards had known amounts of an in vitro sense transcript whose
concentration was determined by optical absorbance at 260 nm. The set of calibration
standards included those with no added sense transcript and those that contained between
1.25 and 80 pg of the sense transcript [21]. To determine the total attomoles of each MRNA
in each extract, the amounts calculated from the standard curves were multiplied by 2.7 for
POMC, 1.25 for ppDyn, 3.5 for KOR, 4.3 for orexin, 5.0 for AVP, 2.4 for AVP V1b
receptor, and 1.2 for dopamine D2 receptor to correct for the difference in length between
the sense transcript and full-length mRNA. A new standard curve was generated each time
experimental samples were analyzed and all extracts of a particular tissue were assayed for
each mRNA as a group in a single assay.

Total cellular RNA concentrations were measured by hybridization of diluted extracts to

a 33P-labeled probe complementary to 18S rRNA at 75°C. The calibration standards for this
curve contained 10 pg of E. coli tRNA plus from 0.0 to 40 ng of total RNA from rat brain
whose concentration was determined by optical absorbance at 260 nm.
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IV. Radioimmunoassays

At the time of decapitation, blood from each rat was collected in tubes, placed on ice, and
was spun in a refrigerated centrifuge. Plasma was separated and stored at —40°C for
hormonal measurements by radioimmunoassay. Levels of ACTH, corticosterone (CORT)
and prolactin immunoreactivity were assayed from unextracted plasma by using kits from
MP Biomedicals (Costa Mesa, CA), DiaSorin Inc. (Stillwater, MN), and Amersham Life
Science Inc. (US), respectively. All values were determined in duplicate in a single assay.

V. Drugs and doses

Heroin (diaceltymorphine) was obtained from Almat Pharmachem (Concord, Ontario,
Canada), dissolved in 0.9% physiological saline and self-administered at a dose of 0.05
mg/kg/infusion. This dose has been shown to induce acquisition of self-administration
behavior within 7 days [29].

VI. Statistical analysis

Results

Self-administration, extinction and reinstatement were analyzed using two-way mixed
ANOVA:s. In case of significant interactions or significant main effects, multiple
comparisons were performed using Newman—Keuls post hoc method to identify significant
differences between groups. Group differences in mMRNA levels of each gene in each brain
region and in plasma hormonal levels were analyzed using one-way ANOVA (high
reinstatement, low reinstatement and heroin self-administration non-responder groups). To
explore possible relationships between gene expressions/stress hormones and individual
vulnerability to stress-induced reinstatement, total responses made on the active lever on
reinstatement tests and neurochemical measures were also examined by linear regression.
The accepted level of significance was p<0.05.

|. Effect of 3-hour heroin self-administration, extinction, foot shock- and heroin-induced
reinstatement

1. Self-administration—Over the seven sessions of heroin self-administration, heroin
infusions significantly increased over the course of the self-administration period in all the
rats that self-administered heroin (Fig. 1A), and both the H-RI and L-RI rats displayed
similar pattern (Fig. 1B). ANOVA revealed significant main effects of Session [F(6,181) =
6.06, p<0.001] and Group x Session interaction [F(12,181) = 2.05, p<0.05]. Newman-Keuls
post hoc tests showed that both the H-R1 and L-RI rats took significantly more infusions on
Session 7 than Session 1 (p<0.001), with no change in number of infusions in the NR rats. In
Session 7, both the H-RI and L-RI rats had significantly more infusions than the NR rats
(p<0.05), with no differences between the H-RI and L-RI rats. As shown in Fig. 1C and 1D,
both the H-RI and L-RI rats had significantly higher overall heroin intake over 7 days of
drug self-administration sessions than the NR rats (p<0.05), with no difference between the
two groups (Fig. 1D).

Both the H-RI and L-RI rats displayed increases in responding on the active lever (i.e.
heroin lever) in parallel with decreases in responding on the inactive lever. For the active
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lever (Fig. S2A), two-way repeated ANOVA revealed a significant main effect of Session
[F(6,181) = 6.38, p<0.001]. Newman-Keuls post hoc tests showed that both the H-RI and L-
RI rats displayed significantly higher responding on the active lever in Session 7 than that in
Session 1 (p<0.001) and Session 2 (p<0.001). The NR rats did not show differences in the
active lever responding between Session 7 and Session 1. In Session 7, both the H-RI and L-
RI rats responded significantly more on the active lever than the NR rats (p<0.05), with no
difference between the H-RI and L-RI rats. On the inactive lever (Fig. S2B), ANOVA
revealed a significant main effect of Session [F(6,181) = 5.70, p<0.001]. Newman-Keuls
post hoc tests showed that the H-RI rats displayed significantly lower responding on the
inactive lever in Session 7 than that in Session 1 (p<0.001). The L-RI or NR rats did not
show differences in the inactive lever responding between any Sessions. In Session 7, there
were no differences between groups.

2. Extinction—Responding on the active lever during the four extinction sessions is
represented in Fig. 2A. ANOVA revealed significant main effects of Session [F(3,103) =
47.6, p<0.001], Group [F(2,103) = 16.3, p<0.001] and Group x Session interaction [F(6,103)
=11.2, p<0.001]. Newman-Keuls post hoc tests showed that both the H-RI and L-RI rats
responded significantly more on the active lever in Sessions 1 and 2 than in Session 4
(p<0.001). The NR rats did not show responding differences across Sessions. In Session 1,
the H-RI rats responded significantly more than the L-RI and NR rats (p<0.001), and the L-
RI rats responded significantly more than the NR rats (p<0.001). In Session 2, both the H-RI
and L-RI rats had significantly more responding than the NR rats (p<0.05), with no
difference between the H-RI and L-RI groups.

Responding on the inactive lever during the four extinction sessions is represented in Fig.
2B. ANOVA revealed only a significant main effect of Session [F(3,103) = 4.88, p<0.005].
Newman-Keuls post hoc tests showed that the H-RI rats responded significantly more on the
inactive lever in Session 1 than in Session 4 (p<0.005). Neither the L-RI nor the NR rats
showed responding differences across Sessions. In Session 1, the H-RI rats showed
significantly higher responding than the NR rats (p<0.05).

3. Foot shock-induced reinstatement—As shown in Fig. 2C, animals displayed
reinstatement of operant responding induced by acute foot-shock stress, with large
individual differences. Therefore, using the median-split approach, the animals were divided
into the high (H-RI) and low reinstatement (L-RI) groups, and there was approximate 3-fold
difference in mean foot shock-induced reinstatement of drug-paired lever responding
between the H-RI and L-RI rats (Fig. 2E). ANOVA revealed significant main effects of
Group [F(2,51) = 29.9, p<0.001], Lever [F(1,51) = 55.5, p<0.001] and Group X Lever
interaction [F(2,51) = 26.0, p<0.001]. Newman-Keuls post hoc tests showed that the H-RI
rats responded significantly more on the active lever than the inactive lever during the 3-h
session following exposure to 15-min intermittent foot shock stress (p<0.05). Neither the L-
RI nor the NR rats showed differences between active and inactive lever responding.
Following the acute foot shock stress, both the H-RI and L-RI rats responded significantly
more on the active lever than the NR rats (p<0.001 and p<0.05, respectively), and the H-RI
rats responded significantly more on the active lever than the L-RI rats (p<0.001) (Fig. 2E).
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4. Heroin-induced reinstatement—Forty-eight hours later, the H-RI and L-RI rats were
tested for heroin-induced reinstatement, and Fig. 2D show individual reinstatement of
operant responding induced by heroin priming. ANOVA revealed a significant main effect
of Lever [F(1,51) = 4.89, p<0.05]. Newman-Keuls post hoc tests showed that both the H-RI
and L-RI rats responded significantly more on the active lever than the inactive lever during
the 3-h session following the heroin priming injection (0.25 mg/kg, s.c.) (p<0.05). The NR
rats did not show differences between the active and inactive lever responding. Following
the heroin injection, both the H-RI and L-RI rats responded significantly more on the active
lever than the NR rats (p<0.05), with no differences between the H-RI and L-RI groups (Fig.
2F).

II. AVP and V1b receptor mRNA levels in the Me/BLA, MH and AP

Since both the medial amygdala and paraventricular nucleus in the MH contain AVP-
synthesizing neurons, and altered activity of amygdalar AVP as a consequence of stress or
opiate withdrawal contributes to anxiety-like and drug-seeking behaviors [16, 30, 31], we
examined the mMRNA levels of AVP in these two brain regions and of its VV1b receptor in the
AP. In the Me/BLA, one-way ANOVA revealed a significant effect of the Group [F(2,23) =
8.96, p<0.01] (Fig. 3A). Newman-Keuls post hoc tests showed that the AVP mRNA level in
the H-RI rats was significantly higher than that of L-RI rats (p<0.05) and that of NR rats
(p<0.01). The presence of individual differences in groups created by median split was
confirmed by a significant positive correlation between the Me/BLA AVP mRNA levels and
foot shock-induced responding on the active lever during the stress induced reinstatement (r
= 0.56, n = 20, p<0.05) (Fig. 3B). When the AVP mRNA levels were analyzed with heroin-
induced lever responding in all heroin self-administration rats, no significant correlation was
found (data not shown). No group differences in the AVP mRNA in the MH (Fig. 3A) or the
V1b mRNA in the AP were found (Table 1).

IIl. POMC mRNA levels in the MH, AP and Me/BLA

In the MH, one-way ANOVA revealed a significant effect of the Group on the POMC
mMRNA level [F(2,21) = 3.53, p<0.05] (Fig. 4A). Newman-Keuls post hoc tests showed that
the POMC mRNA levels in both the H-RI and L-RI rats were significantly lower than that
of NR group (p<0.05).

Since the expression level of the POMC gene in the CeA of rats was very low, and the
neuroanatomical distribution of POMC neurons in the Me and BLA is unclear, we measured
the POMC mRNA levels in the combined ME and BLA tissues only. In the Me/BLA or PA,
no group differences in the POMC mRNA expression were found (Table 1).

IV. Orexin mRNA levels in the LH

One-way ANOVA revealed a marginally significant effect of the Group on the orexin
mRNA level [F(2,21) = 3.39, p=0.052] (Fig. 4B). Newman-Keuls post hoc tests showed that
the orexin mMRNA level in both the H-RI and L-RI rats were significantly higher than that of
NR group (p<0.05).
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V. Dopamine D2 receptor mRNA levels

In the CPu, one-way ANOVA just failed to show a significant effect of the Group [F(2,21) =
3.39, p=0.08] (Table 1). However, the presence of individual differences in groups created
by median split was confirmed by a significant negative correlation found between the CPu
D2 receptor mMRNA levels and foot shock-induced responding on the active lever during the
stress induced reinstatement in all heroin self-administration rats (r = -0.67, n = 18,
p<0.005) (Fig. 5). Since the H-RI rats responded significantly more after foot shock stress
than the L-RI rats, a Student t-test was carried out: there was marginally significant
difference between the H-RI and L-RI groups [t (16) = 4.40, p = 0.05]. When the D2 mRNA
levels were analyzed with heroin-induced lever responding in the H-RI and L-RI rats, no
significant correlation was found (data not shown). In the VTA or AP, no significant group
differences in the D2 mRNA expression were found (Table 1).

VI. Plasma ACTH and CORT levels

To examine stress responsive hormones, we used one-way ANOVA to compare each group
after foot shock stress, and no group differences in plasma ACTH or CORT levels were
found. In comparison with stress control group (the stress/heroin control group), however,
significant elevations in both plasma ACTH and CORT levels were found in all the H-RI, L-
RI and NR groups (p<0.05) after foot shock (Table 2).

VII. Plasma prolactin levels

One-way ANOVA of plasma prolactin levels revealed a significant main effect of foot shock
stress [F(3,27) = 4.48, p<0.05] (Table 2). Newman-Keuls post hoc tests showed that the
prolactin level in the H-RI rats 45 min after foot shock was significantly higher than that in
either the stress control rats (p<0.01) or the L-RI rats (p<0.05).

Discussion

I. AVP in the Me/BLA and D2 in the CPu involved in foot shock stress-induced
reinstatement

In this study, we tested whether individual differences in stress responsive gene expressions
would be associated with stress-induced vulnerability to heroin-seeking behavior. In the
behavioral experiment, animals that self-administered heroin reliably displayed
reinstatement of operant responding induced by acute foot-shock stress, but large individual
differences were noted. Therefore, we used the median-split approach [27] to distinguish
between the high (H-RI) and low reinstatement (L-RI) groups. The H-RI and L-RI groups
were compared for their behavioral histories, including total heroin intake and active/
inactive lever responding during self-administration sessions, and extinction responding, as
well as heroin priming-induced reinstatement after the foot shock reinstatement. Finally, the
MRNA levels of stress responsive genes in multiple brain regions were analyzed among the
H-RI, L-RI and heroin self-administration non-responders (NR) groups.

Although there was no group difference in total heroin intake, or active/inactive lever
responding during self-administration, or after heroin-induced reinstatement, the H-RI group
displayed more responding on the active lever (and on the inactive lever) during the initial
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extinction sessions, suggesting an enhanced tendency to respond to drug withdrawal-
associated stress, as reflected by elevated stress hormones [e.g., 16, 32]. Following foot
shock stress, the responding on the active lever in the H-RI rats was significantly higher (3
fold) than that of the L-RI rats, and the H-RI rats also displayed an elevated AVP mRNA
level in the Me/BLA, a brain region known to play an important role in drug-seeking
behaviors [33]. This effect seemed to be gene-specific (no effect on POMC mRNA levels in
the same region) and region-specific (no effect on AVP mRNA levels in the medial
hypothalamus). In a separate pilot experiment, levels of AVP mRNA in the Me/BLA were
also compared between the rats that self-administered saline and self-administered heroin
without the reinstatement tests by foot shock stress. We found no AVP mRNA alteration in
the rats with heroin self-administration and extinction/withdrawal procedures (data not
shown), which clearly indicates that this AVP increase required both heroin self-
administration and stress to be expressed.

Increased AVP activity might be expected as a result of enhanced AVP gene expression, and
may be partially responsible for the drug-seeking action in rats triggered by foot shock
stress. In support of this idea, our previous study has demonstrated that selective blockade of
V/1b receptors blunted stress-induced heroin-seeking behavior [16]. Also, activation of V1b
receptor pathways in the amygdala has been found to be an important step in the
neurobiology of stress-related behaviors [15, 34] and alcohol dependence in rodent models
[35]. Both the Me/BLA and central nucleus of the amygdala receive noradrenergic (NA)
projections that are sensitive to stress and to adrenergic manipulations [36, 37]. Also,
blockade of beta NA receptors within the central amygdala block stress-induced
reinstatement [24]. Thus, although this tentative interpretation requires additional
investigation, our data suggests that the NA-AVP interaction within the amygdala may be
involved in individual differences in heroin-seeking precipitated by stress.

A generalized motor deficit in the L-RI rats following foot shock stress is unlikely as they
displayed similar levels of lever-pressing responses during self-administration sessions and
during the heroin-induced reinstatement session. Also, the difference between the H-RI and
L-RI groups cannot be caused by differences in amount of heroin consumption: H-RI and L-
RI rats had very similar total heroin intake over 7 days of self-administration. To our
knowledge, this is the first demonstration that there is a relationship between individual
differences in AVP gene expression and a propensity for the heroin-seeking behavior in
response to acute stress. A formal test of this hypothesis would require studying the effect of
the over-expression of the AVP gene or administration of AVP V1b antagonists into the
Me/BLA prior to acute stress-induced reinstatement tests.

Although caution should be used when interpreting the relationships between behavior and
MRNA expression (reflecting protein biosynthesis but not function) of any genes, the study
of gene expression or peptide data in animals with established drug-seeking vulnerabilities
provide useful information about a potential role of individual variations in response to
stress-induced relapse. Both reduced availability of D2 receptor binding and decreased D2
gene expression in the striatum have been consistently associated with heroin cravings in
humans [e.g., 38, 39] and cocaine seeking in animals [e.g., 25, 26]. In the present study, we
observed a down-regulation of CPu D2 mRNA levels in the H-RI rats. Reduced D2
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availability resultant from the decreased D2 gene expression could possibly be involved in
the seeking action of heroin in the H-RI rats. In support of this concept, correlation analysis
between the active lever responding during foot shock-induced reinstatement session and the
CPu D2 mRNA levels revealed that the H-RI rats seeking relatively more heroin showed
relative lowered CPu D2 mRNA levels.

[I. POMC and orexin in the hypothalamus in heroin-induced reinstatement

In earlier studies using morphine pellets [e.g., 17] or heroin administration by experimenters
[18], it was found that POMC mRNA in the hypothalamus was decreased after chronic
opiate exposure in rats. In the current study, we examined POMC gene expression in two
brain regions (the medial hypothalamus and Me/BLA) after 9 days of abstinence from 7
days of heroin self-administration, and found a significant decrease in the POMC mRNA
levels in the medial hypothalamus only. These novel results extend the above earlier
findings to the heroin abstinence after active intravenous heroin self-administration.
Different from the AVP in the Me/BLA, similar decreases in POMC mRNA levels of the
hypothalamus were found in both H-RI and L-RI groups, showing a dis-association of the
POMC decrease with stress-related heroin reinstatement.

In humans, heroin dependent individuals use heroin also to escape the negative affective and
emotional states associated with drug withdrawal [9]. Rats self-administer beta-endorphin
into the brain, supporting a role for central beta-endorphin in reinforcement [40]. There is
also evidence in animals that the motivational properties of opiates are altered by
spontaneous and naloxone-precipitated withdrawal [41, 42, 43]. It is reasonable, therefore,
to postulate that the decreased POMC gene expression with concomitant decreases in beta-
endorphin peptide biosynthesis and/or release may initiate and/or maintain behaviors leading
to opiate seeking, in order to reach normal endogenous opioid tone.

In both the H-RI and L-RI rats, we also measured orexin mRNA levels in the lateral
hypothalamus 9 days after heroin self-administration, and found a significant increase in
both groups. This is consistent with previous reports showing enhanced orexin gene
expression during acute withdrawal from chronic morphine or heroin exposure [20, 21].
Since orexin peptide A has been found to decrease the excitability of brain reward systems
in the lateral hypothalamus [44], the alteration of orexin gene expression is likely involved
in the negative affective state in heroin withdrawal and abstinence, which may be important
in the modulation of drug-seeking behaviors [22, 23].

Conclusion

Region-specific alterations of AVP and D2 gene expression were found in the rats after
heroin self-administration, and expression of these genes correlated with individual
differences in stress-induced reinstatement of heroin-seeking. In contrast, a decrease in
POMC gene expression was found in parallel with an increase in orexin gene expression in
the hypothalamus of all rats after heroin self-administration. Our present data suggest that
(1) the consequence of a new set point of AVP and D2 gene expressions in response to stress
may play an important role in individual vulnerability to acute stress-induced relapse during
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opiate abstinence; and (2) the alterations of hypothalamic orexin and POMC expression may

be

involved in drug-seeking behavior induced by a drug prime.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Comparison of heroin self-administration (SA) behavioral responses. The panels show the
mean (sem) actual self-infusions obtained (A, B) and the mean (sem) heroin total intake
(mg/kg) (C, D) over the seven 3-h sessions of heroin SA (0.05 mg/kg/infusion, continuous
schedule of reinforcement) in all heroin or saline SA rats (A, C) or each of the 3 groups (B,
D). Three groups of animals: (1) H-RI, the heroin SA rats with “high” reinstatement induced
by acute foot shock stress, n = 10; (2) L-RlI, the heroin SA rats with “low” reinstatement
induced by acute foot shock stress, n = 10; and (3) NR, the rats below the criterion for
acquisition of heroin SA (20 infusions on days 5-7 of SA testing, 0.05 mg/kg/infusion), n =
6. * p<0.001 vs. Session 1 within the group; # p<0.05 vs. NR group.
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Comparison of extinction and reinstatement behavioral responses. The same 3 groups of
animals: (1) H-RI, the heroin SA rats with “high” reinstatement induced by acute foot shock
stress, n = 10; (2) L-RI, the heroin SA rats with “low” reinstatement induced by acute foot
shock stress, n = 10; and (3) NR, the rats below the criterion for acquisition of heroin SA, n
= 6. The upper panels show the mean (sem) responses on the active lever (A) and inactive
lever (B) during the four 3-h extinction sessions. * p<0.001 vs. Session 4 within the group; +
p<0.05 vs. L-RI group; # p<0.05 vs. NR group. The middle panels (C, D) show individual
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responses and the lower panels (E, F) show the mean (sem) responses on both the active and
inactive levers following exposure to 15-min intermittent foot shock stress (C, E) and to
heroin (0.25 mg/kg, s.c.) (D, F) during the 3-h session of two reinstatement tests. * p<0.05
vs. inactive lever within the group; ++ p<0.001 vs. L-RI group; # p<0.05, ## p<0.01 vs. NR

group.
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Figure 3.
(A) Comparison of arginine vasopressin (AVP) mRNA levels in the medial/basolateral

amygdala (Me/BLA) and medial hypothalamus (MH). The same 3 groups of animals: (1) H-
RI, the heroin SA rats with “high” reinstatement induced by acute foot shock stress; (2) L-
RI, the heroin SA rats with “low” reinstatement induced by acute foot shock stress; and (3)
NR, the rats below the criterion for acquisition of heroin SA (n=6-10). The dotted line
represents basal mean mMRNA level in each brain region of rats with saline SA without acute
foot shock stress (heroin/stress control, n = 8). The panels show the mean (sem) mRNA
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levels (attomole/ug total RNA) measured 45 min after 15-min intermittent foot shock stress
on day 16 (9 days after the last heroin SA). + p<0.05 vs. H-RI group; ## p<0.01 vs. NR
group. (B) Regression of AVP mRNA levels in the Me/BLA and the foot shock stress-
induced lever responding during 3-hour reinstatement session in the H-RI and L-RI rats.
There was a significant correlation between the AVP mRNA level in the Me/BLA and the
stress induced responding in all heroin SA rats, both the H-RI (¢) (n = 10) and L-RI (O)
animals (n = 10).

Physiol Behav. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Zhou et al.

Page 22

A POMC in medial hypothalamus
18
16- (n=6-9) —_
14-

=
N
1

-—
o
1

POMC mRNA (attomole/ug RNA)

B. Orexin in lateral hypothalamus

o
o

# #

o
o
1

N
o
1

Orexin mRNA (attomole/ug RNA)
H
o

o
o
1

H-RI L-RI NR

Figure 4.
Comparison of pro-opiomelanocortin (POMC) mRNA levels in the medial hypothalamus

(A) and orexin mRNA levels in the lateral hypothalamus (B). The same 3 groups of animals:
(1) H-RI, the heroin SA rats with “high” reinstatement induced by acute foot shock stress;
(2) L-RI, the heroin SA rats with “low” reinstatement induced by acute foot shock stress;
and (3) NR, the rats below the criterion for acquisition of heroin SA (h = 6-9). The dotted
line represents basal mean mRNA level for each gene in each brain region of the rats with
saline SA without acute foot shock stress (heroin/stress control, n = 8). The panels show the
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mean (sem) mRNA levels (attomole/ug total RNA) measured 45 min after 15-min
intermittent foot shock stress on day 16 (9 days after the last heroin SA). # p<0.05 vs. NR

group.
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Figure 5.
Regression of dopamine D2 receptor mRNA levels in the caudate putamen (CPu) and foot

shock stress-induced lever responding during 3-hour reinstatement session in the H-RI rats
(heroin SA rats with “high” reinstatement induced by acute foot shock stress) and the L-RI
rats (heroin SA rats with “low” reinstatement induced by acute foot shock stress). There was
a significant correlation between the D2 mRNA level in the CPu and the stress induced
responding in all heroin SA rats, both the H-RI (¢) (n = 9) and L-RI (O) animals (n = 9).
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Table 2

Comparison of plasma levels of ACTH (pg/ml), corticosterone (CORT, ng/ml) and prolactin (ng/ml). Four
groups of animals: (1) H-RI, the heroin SA rats with “high” reinstatement induced by acute foot shock stress;
(2) L-Rl, the heroin SA rats with “low” reinstatement induced by acute foot shock stress; (3) NR, the rats
below the criterion for acquisition of heroin SA (20 infusions on days 5-7 of SA testing, 0.05 mg/kg/infusion);
and (4) Stress control, saline SA rats without acute foot shock stress (n = 6-10). Shown are the mean levels
measured 45 min after 15-min intermittent foot shock stress on day 16 (9 days after heroin SA), and in the
Stress control group.

Group

H-R1 L-RI NR Stress control

ACTH 442 +51% | 375+46% | 426+ 617 219£30

CORT 653 + 102% | 723 + 124% | 528 + 101%# 204 £22

Prolactin | 7.4 + 0. 7% 54+0.6 5.1+0.8 3.7+05

#
p<0.05 vs. Stress control;

*

p<0.05 vs. L-RI group.
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