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f\ Adrenergic Receptors in the Bed Nucleus of Stria
Terminalis Mediate Differential Responses to

Opiate Withdrawal

Marco Cecchi*'*, Nancy Capriles'?, Stanley ] Watson' and Huda Akil'
'Molecular and Behavioral Neuroscience Institute, The University of Michigan School of Medicine, Ann Arbor, MI, USA

The negative physical and affective aspects of opioid abstinence contribute to the prolongation of substance abuse. Withdrawal
treatment is successful only in a subset of subjects, yet little is known about the neurobiological causes of these individual differences.
Here, we compare the somatic and motivational components of opioid withdrawal in animals with high reactivity (HR) vs low reactivity
(LR) to novelty, a phenotype associated with differential vulnerability to drug abuse. During withdrawal, HR relative to LR showed
increased teeth chattering and eye twitching episodes, somatic signs associated with adrenergic modulation. Given the role of
noradrenergic circuitry of the extended amygdala in opioid withdrawal, we examined adrenergic receptor gene expression in the bed
nucleus of stria terminalis (BST) and central nucleus of the amygdala. Relative to LR, HR rats exhibit a selective increase in 8, adrenergic
receptor expression in lateral and medial BST. To uncover the functional relevance of this difference, we microinjected betaxolol, a
selective 8| receptor antagonist, into dorsal BST and assessed somatic and affective responses during withdrawal. Betaxolol
microinjection dose-dependently decreased teeth chattering episodes in HR to levels observed in LR animals. Moreover, the antagonist
blocked conditioned place aversion, a measure of negative affect associated with withdrawal, in HR but not in LR animals. Our results
reveal for the first time that reactivity to novelty predicts somatic and affective aspects of opiate dependence, and that f3| receptors in

B adrenergic receptors

INTRODUCTION

Opiate abuse leads to the development of physical and
psychological dependence and, upon drug cessation,
produces a withdrawal syndrome characterized by motor,
autonomic, and affective symptoms (Gutstein and AKkil,
2001; De Vries and Shippenberg, 2002). Even though
management of withdrawal symptoms cannot be considered
a treatment itself for opiate dependence, it is often the first
step for long-term treatment. Indeed, a dominant current
hypothesis is that anxiety and negative affect associated
with withdrawal contribute to the addict’s drive to continue
to abuse drugs (Aston-Jones and Harris, 2004). Several
pharmacotherapeutic approaches are currently in use for
the treatment of opiate withdrawal but none of them is
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effective in more than a percentage of patients. Medica-
tion regimens that use orally active opioid agonists such
as methadone to control withdrawal symptoms achieve
abstinence in only 40% of the patients (Senay et al, 1977).
Rapid detoxification protocols that precipitate withdrawal
with an opioid antagonist while withdrawal symptoms
are managed with adjuvant medications achieve higher
rate of success, but a subset of patients fails to complete
detoxification (O’Connor et al, 1997). Because of individual
differences in response to treatments, prevention of
opiate abuse and success in achieving complete detoxifica-
tion in a population of patients as broad as possible
require a mechanistic understanding not only of the
basic neurobiology of withdrawal, but also of the biology
of individual differences in its physiological and affective
symptoms.

There is ample evidence that the noradrenergic system
is activated during opioid withdrawal and contributes to
its symptoms. Intravenous injection of yohimbine, an o,
adrenergic receptor antagonist that inhibits autoreceptors
and increases noradrenergic transmission, elicits with-
drawal symptoms and elevates craving for opiates in
methadone-maintained patients (Stine et al, 2002).
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Conversely, o, adrenergic receptor agonists such as
clonidine and lofexidine are used to control opioid with-
drawal symptoms (for review see Gowing et al, 2002).

Animal models have focused attention on the role of the
adrenergic system of the extended amygdala in opiate with-
drawal. Thus, f adrenergic antagonists injected in bed
nucleus of stria terminalis (BST) block somatic signs of
opiate withdrawal (Aston-Jones et al, 1999; Delfs et al,
2000). Conditioned place aversion (CPA) associated with
opiate withdrawal is attenuated by a combination of two
classes of f adrenergic antagonists microinjected into
central nucleus of the amygdala (CeA) (Watanabe et al,
2003) and blocked by their injection into BST (Aston-Jones
et al, 1999; Delfs et al, 2000).

However, no animal models have elucidated the neuro-
biological causes of differences in opioid withdrawal and
treatment responses, or the role of the adrenergic system in
these differences. Here, we rely on a model of individual
differences in vulnerability to drug addiction predicted by a
test of novelty-seeking behavior (Piazza et al, 1989; Kabbaj
et al, 2001, 2002). Animals that exhibit a high locomotor
response to novelty (HR) show higher morphine-induced
psychomotor activity (Deroche et al, 1993) and greater
levels of morphine self-administration (Ambrosio et al,
1995) than rats with low locomotion (LR). But do these two
groups exhibit differences in opioid withdrawal, and can we
uncover the neurobiological bases of these differences?

This series of studies describes significant differences in
some somatic signs of opioid withdrawal in HR vs LR rats,
demonstrates differential levels of f; adrenergic receptor
expression in BST, and uses microinjection of the anta-
gonist betaxolol to implicate this specific receptor subtype
in the somatic and affective aspects of opiate withdrawal.

This is the first demonstration of the role of the f5;
receptor subtype in opiate withdrawal and the first evidence
that novelty seeking, a variable associated with early stages
of drug-taking behavior, is also predictive of differences in
opiate withdrawal.

MATERIALS AND METHODS
Animals

A total of 234 adult male Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA, USA), weighing
approximately 225-250 g upon arrival, were used. Animals
were housed three per cage in a room adjacent to the testing
room, and maintained on a 12/12h light/dark cycle (lights
on at 0700 hours). Rats were acclimated to the animal
quarters for 1 week before any experimental procedure.
Experiments were conducted between 1300 and 1700 hours,
during the light portion of the cycle. Food and water were
available ad libitum. Animals were treated in accordance
with National Institutes of Health guidelines on laboratory
animal use and care.

Experiment I: Measurement of Somatic Responses to
Spontaneous Morphine Withdrawal

Locomotor activity test. After 7 days of habituation to the
housing conditions, 24 rats were tested for locomotor
activity during a 60min exposure to the mild stress of
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a novel environment. Each rat was placed in a 43L X
21.5W x 24.5H (in cm) clear acrylic activity monitor and
locomotor activity was monitored by means of two banks
of photocells connected to a microprocessor. Rats that
exhibited locomotor counts in the highest third of the
sample were classified as HR (n=8), whereas rats that
exhibited locomotor counts in the lowest third of the sample
were classified as LR (n=28).

Induction of physical dependence and spontaneous
morphine withdrawal. The morphine regimen used to
induce dependence was a slightly modified version of the
protocol previously used by Cicero et al (2002). Morphine
(morphine sulfate, Mayne Pharma, Paramus, NJ) was
injected intraperitoneally (i.p.) twice daily at approximately
0000 and 1200 hours. The morphine dose per injection was
progressively increased from 5 to 40 mg/kg over a period
of 14 days. Beginning 24h after the last injection, and
continuing at daily intervals for 6 days, animals were placed
in testing chambers (24 cm diameter x 50 cm height), and
occurrences of teeth chattering, wet dog shakes, paw
tremors, genital grooming, and writhing were recorded for
a 30 min period on each day. Animals’ body weight was also
monitored during the whole experiment. A global with-
drawal score was calculated according to a slightly modified
rating scale described by Blasig et al (1973). For counted
signs: a score of 2 was allocated if there were one or two wet
dog shakes and a score of 4 if there were three or more wet
dog shakes; a score of 2 was allocated for each writhing
episode; and finally, a score of 1 was allocated for each 1%
loss in body weight. For checked signs: a score of 2 was
allocated to the presence of teeth chattering and a score of
3 to the presence of genital grooming and paw tremors.

Experiment II: Measurement of Somatic Responses to
Naltrexone-Precipitated Morphine Withdrawal

This experiment was designed to compare somatic responses
to naltrexone (NTX)-precipitated morphine withdrawal in
HR vs LR animals. Rapid detoxification by combination of
clonidine and NTX has been successful as an alternative to
more classical detoxification protocols (for review see Kosten
and O’Connor, 2003). Comparison of somatic responses in
HR vs LR animals during spontaneous and NTX-precipitated
withdrawal could provide insight into the reasons for bio-
logical variability in the responsiveness to different detoxi-
fication protocols. Moreover, precipitated withdrawal trig-
gers a more profound and quantifiable abstinence syndrome
that allows the analysis of more somatic signs, including eye
twitching and jumping behaviors.

Twenty-one rats were habituated to the housing condi-
tions and screened for their locomotor activity as above,
generating HR (n=7) and LR (n=7) groups.

One week after the locomotor activity test, HR and LR
rats were deeply anesthetized using a 2% V/V mix of
isofluorane and oxygen, and implanted subcutaneously in
the lower back with two 75-mg morphine pellets (NIDA,
Rockville, MD).

Measurement of somatic responses to withdrawal. On
day 6 after the surgery, HR and LR animals received an
i.p. injection of 1 mg/kg NTX (Delfs et al, 2000) (Sigma,



St Louis, MO) and, immediately after the injection, were
placed in testing chambers. Instances of teeth chattering,
eye twitching, escape jumps, wet dog shakes, paw tremors,
genital grooming, and writhing were counted for 30 min,
and a global withdrawal score was calculated as above.

Experiment III: Measurement of Place Aversion

In this experiment, we compared withdrawal-induced place
aversion in HR vs LR animals.

The place aversion conditioning apparatus consisted of
a 80L x40W x 45H (in cm) box divided equally into
two compartments. The first compartment had a smooth
clear Plexiglas floor and spots on the walls. The second
compartment had a rough metallic floor and black stripes
on the walls.

Following the habituation period, 66 rats were tested for
locomotor activity and sorted according to their locomotion
score as above. One week after the locomotor activity test,
HR (n=22) and LR (n=22) animals were implanted
subcutaneously in the lower back with two 75 mg morphine
pellets to induce morphine dependence also as above.

Preconditioning phase. The protocol for testing of place
aversion was similar to the one previously used by Delfs
et al (2000). On the fifth day after pellet implantation, each
rat was placed in the place aversion apparatus and allowed
to explore both compartments of the box for 20 min. The
amount of time spent on each side was recorded, and any
rat showing a strong preference for either side (more than
85% of the session time) was eliminated from the study.
Five rats had to be eliminated for this reason. After
preconditioning, HR and LR animals were randomly
assigned to one of the following treatment groups: NTX 1,
0.5, or 0.1 mg/kg. The dose of 1 mg/kg is the highest dose
found in literature for systemic administration of NTX to
induce withdrawal in morphine-dependent rats and it
produces a severe withdrawal syndrome (Reti and Baraban,
2003; Aston-Jones et al, 1999; Delfs et al, 2000). Therefore,
higher doses were not tested. The experimental design
yielded six groups: HR-1 mg/kgNTX, LR-1 mg/kgNTX, HR-
0.5 mg/kgNTX, LR-0.5 mg/kgNTX, HR-0.1 mg/kgNTX, and
LR-0.1 mg/kgNTX (n=5-8 per group).

Conditioning phase. On the day after preconditioning, HR
and LR rats were injected i.p. with either saline or NTX, and
immediately confined to one side of the box by means of an
opaque Plexiglas divider for 30 min. The next day, animals
given NTX on the first day of the conditioning phase were
given saline and confined to the opposite side, and vice
versa. Equal numbers of animals in each group were
assigned to be given NTX in the two different sides. Further,
animals within each group were counterbalanced so that
half of the animals received the NTX injection on the first
day of the conditioning phase and the other half on the
second day.

Test phase. Twenty-four hours after day 2 of the condi-
tioning phase, HR and LR animals were given free access to
both compartments and the amount of time spent on each
side was recorded for 20 min. The difference in the time
spent in the NTX-paired compartment during the testing
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phase vs the preconditioning phase served as an index of
place aversion.

Experiment IV: Measurement of mRNA Levels for
Adrenergic Receptors in HR vs LR Animals

One week following the locomotor activity test, six HR and
six LR animals were euthanized by rapid decapitation, their
brain immediately removed, frozen in isopentane cooled to
—30 to —40°C, and stored at —80°C.

In situ hybridization for BST and CEA. Presence of mRNA
signal has previously been shown for o;,, o, %4 %20 1
and f3, adrenergic receptors in BST, and o,, o1, and oy,
adrenergic receptors in CeA (Nicholas et al, 1993a,b;
Pieribone et al, 1994; Scheinin et al, 1994; Day et al, 1997;
Domyancic and Morilak, 1997). We compared mRNA levels
for these receptors in HR vs LR animals.

The in situ hybridization method used in this study is
described in detail by Isgor et al (2003). Briefly, tissue was
sectioned at —20°C at a thickness of 12 um, mounted onto
poly(r-lysine)-coated slides, and stored at —80°C until use.
Before probe hybridization, tissue was fixed in 4% para-
formaldehyde at room temperature, rinsed with aqueous
buffers, and dehydrated with graded alcohols. Riboprobes
were synthesized with incorporation of *°S-UTP and
?>S-CTP and hybridized to tissue overnight at 55°C. Sections
were then washed with increasing stringency, dehydrated
with graded alcohols, air-dried, and exposed to film.
Exposure time was chosen to maximize signal. Sections
were then dipped in liquid film emulsion and stored in
light-tight boxes. Exposure time was chosen to maximize
the detection of radioactive grains, and after sufficient
time was elapsed, sections were developed, dehydrated,
and coverslipped in a xylene-based mounting medium
(Permount, Fisher Scientific, Fair Lawn, NJ).

Riboprobes were synthesized from cDNA fragments
generously donated by Dr DM Perez for the «;, adrenergic
receptor, by Dr RJ Lefkowitz for the o;;, adrenergic receptor,
by Dr SM Lanier for the o,, and o,. adrenergic receptors,
and by Dr H Shimomura for the f§; adrenergic receptor. A
cDNA fragment for the f, adrenergic receptor was
generated in our lab. Signal for f, mRNA levels detected
using the probe was consistent with previously published
data (Nicholas et al, 1993a), and the sense probe showed
no detectable signal in the brain.

Six tissue sections for each probe were selected for BST
(bregma 0.2 to —0.92mm) and CeA (bregma —1.6 to
—2.8mm) from each animal. Digital images of the brain
sections were captured from X-ray films in the linear range
of the gray levels using a CCD camera (TM-745, Pulnix,
USA). Integrated optical density for adrenergic receptors
mRNA was determined for each section using the Micro
Computer Imaging Device (Ontario, Canada) image analysis
system. For each animal, data from multiple sections were
averaged to obtain a representative value (mean integrated
density).

In situ hybridization for ; mRNA levels in the lateral,
medial, and ventral BST. Significant differences in f,
mRNA levels were detected between HR and LR animals in
BST. In order to better identify the specific region of the
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BST in which HR and LR animals differed in f; receptors
expression, the BST was further divided into three sub-
regions: a lateral subdivision (BSTI) consisting of the BST
lateral division dorsal, intermediate, juxtacapsular, and
posterior parts; a medial subdivision (BSTm) containing
the BST medial division anterior and posterior parts; and
a ventral subdivision (BSTv) consisting of the lateral and
medial division ventral parts as defined in the Paxinos
and Watson rat brain atlas (Paxinos and Watson, 1998) (see
Figure 1). Image analysis was conducted as above.

In situ hybridization for ; mRNA levels in the CAl
subregion of the hippocampus, the cingulated cortex, and
the medial habenula. Finally, to investigate the specificity
of the difference found, we compared f;; mRNA levels in HR
vs LR animals in the CAl subregion of the hippocampus
(bregma —2.3 to —3.6 mm), the cingulated cortex (Cin Cx;
bregma 0.7 to —0.4mm), and the medial habenula (MHA;
bregma —3.14 to —4.3 mm), brain regions that show high f,
mRNA levels and are activated during morphine withdrawal
(Kimes et al, 1990; Frenois et al, 2002). Again, six tissue
sections for each brain region were selected, and data from
multiple sections were averaged to obtain a representative
value for each rat.

Experiment V: Effects of the Microinjection of the f,
Antagonist Betaxolol in the Dorsal BST on Behavioral
Symptoms and Aversiveness Induced by Morphine
Withdrawal in HR vs LR Animals

This experiment was designed to investigate whether
bilateral microinjection of the selective f; antagonist
betaxolol into dorsal BST would differentially affect somatic
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Figure | BST subdivisions at coronal planes 0.2 mm anterior, and 0.26,
0.4, and 0.92 posterior to bregma. L, lateral subdivision of the BST; M,
medial subdivision of the BST; V, ventral subdivision of the BST; AC,
anterior commissure; LV, lateral ventricle; 3V, third ventricle.
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symptoms of withdrawal and aversion scores in HR vs
LR animals.

Surgery. One week after 105 rats were sorted according to
their locomotor activity, HR (n=35) and LR (n=35) rats
were anesthetized using isoflurane and implanted subcuta-
neously with two 75-mg morphine pellets. Rats were then
placed in a stereotaxic frame with the incisor bar set at
—3.3 mm. Guide cannulae (Plastics One Inc., VA, USA) were
implanted bilaterally, so as to position the tips 1.5mm
above the dorsal BST (coordinates from bregma: AP—
0.4mm, ML+3.3mm, DV—5.2mm, approached at a 15°
angle laterally). The guide cannulae were anchored to the
skull with four jeweler’s screws and acrylic dental cement,
and fitted with obdurators (Plastics One Inc.) to maintain
patency. Behavioral testing began 5 days after surgery.

CPA and opiate withdrawal behavioral scoring. The
preconditioning phase was conducted as in experiment
III. Thirteen animals spent more than 85% of the session
time in one side of the box and were eliminated from the
study. At the end of preconditioning, animals were
randomly assigned to one of the following groups: vehicle
(VEH), betaxolol low dose (BLD), or betaxolol high dose
(BHD). During the conditioning days of the test, rats in the
VEH groups received a bilateral microinjection of 0.3 pl of
saline into the dorsal BST, rats in the BLD groups received a
bilateral microinjection of 0.2nmol of betaxolol/0.3 pul of
saline, and rats in the BHD groups received a bilateral
microinjection of 1nmol of betaxolol/0.3pul of saline.
Injections were made using a Hamilton syringe mounted
on a syringe pump (Harvard Apparatus, MA, USA) at a
rate of 0.3 ul/min, 5min before the animals received their
i.p. injection of either saline or 1 mg/kg NTX. The injectors
were left in place an additional 3min at the end of the
microinjection. During withdrawal, occurrences of teeth
chattering, wet dog shakes, escape jumps, paw tremors,
genital grooming, and writhing were scored for each rat.

Testing for CPA was conducted as described under
experiment III.

Histology. At the end of the 20 min place aversion test, the
animals were euthanized via rapid decapitation. Brains were
harvested, frozen in isopentane (—30 to —40°C), and stored
at —80°C. Placements of the microinjection cannulae tracks
were verified histologically. Brains were sectioned coronally
on a cryostat (section thickness=20pm) throughout the
BST. Slide-mounted sections were then stained with Cresyl
Violet for cannulae placement determinations.

Statistical Analysis

Data for withdrawal symptoms in experiment I were
analyzed using a two-way analysis of variance (ANOVA)
with repeated measures. The factors of variation were group
(HR or LR; between subjects) and observation session (days
1-6; within subjects). When a significant difference between
groups was observed, Newman-Keuls test for post hoc
comparisons was used in order to determine differences in
each session.



Data for withdrawal symptoms in experiment II, and for
experiment IV were analyzed using Student’s unpaired t-test.
As multiple t-tests were performed on the same animals,
a Bonferroni correction for multiple t-tests was applied.

Results from experiment III were analyzed using a two-
way ANOVA. The factors of variation were group (HR
or LR) and NTX dose (1, 0.5, or 0.1 mg/kg).

Data from experiment V were analyzed using Student’s
unpaired t-test to compare HR and LR animals in the same
drug treatment group.

For global withdrawal score data in experiments I and II,
the assumption of normality was violated. As there is no
equivalent non-parametric test of two-way ANOVA with
repeated measures, data for global withdrawal score in
experiment I were analyzed using the procedure of
Conover (1999): two-way ANOVA with repeated measures
was performed on error values as well as ranks. If the
two procedures gave nearly identical results, the parametric
analysis was considered to be valid. Data for global
withdrawal score in experiment II were analyzed using
Mann-Whitney U-test.

RESULTS

Experiment I: Measurement of Somatic Responses to
Spontaneous Morphine Withdrawal

Statistical comparison of global withdrawal score for
somatic responses to spontaneous withdrawal in HR vs LR
animals revealed very similar results for error values and
ranks, with a significant time effect (F;5=25.204, p<0.01
and F,;5=24.87, p<0.01 for error values and ranks,
respectively), and no significant group effect or time-
group interaction effect (see Figure 2a). However, it is
critical to analyze individual withdrawal signs, as they are
mediated by different neuronal circuits.

The most prominent sign of spontaneous morphine
withdrawal was teeth chattering, followed by wet dog
shakes, genital grooming, paw tremors, and writhing as
the least frequent behavior observed.

Statistical analyses revealed a significant time x group
interaction effect for teeth chattering episodes (Fs g5 = 2.414,
p<0.05). Subsequent post hoc analyses indicated that HR
animals had a significantly higher number of teeth chatter-
ing episodes than LR animals on day 1 of the spontaneous
withdrawal, with no difference between the two groups in
the following 5 days (see Figure 2b). A significant time
effect, with no significant group effect or time x group
interaction effect, was observed for wet dog shakes (F, s=
14.283, p<0.01), genital grooming (F;s=2.641, p<0.05),
and paw tremors (F;;=4.686, p<0.01) episodes. No
statistically significant effects were present for writhing
(data not shown). Finally, analysis of animals’ body weight
changes during withdrawal revealed a significant effect of
time (F; 5 =67.43, p<0.01) with no significant group effect
or time x group interaction effect.

Experiment II: Measurement of Somatic Responses to
NTX-Precipitated Morphine Withdrawal

Here again, comparison of the global score for withdrawal-
induced somatic responses in HR vs LR animals did not
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Figure 2 Somatic signs during spontaneous withdrawal in HR and LR
animals. Data are from six daily 30 min observation sessions, starting at 24 h
after the last morphine injection. (a) Global withdrawal score in HR and LR
animals in the 6 days following cessation of chronic morphine injections.
(b) Teeth chattering episodes in HR and LR animals following cessation of
twice daily injections of morphine. Values are mean 4+ SEM (n = 7-8 animals
per group). *p<0.05. ANOVA for repeated measures followed by
Newman—Keuls test for post hoc comparisons.

show statistical difference between the two groups of
animals (data not shown).

The most prominent signs of NTX-precipitated with-
drawal were eye twitching and teeth chattering, followed
by wet dog shakes, escape jumps, paw tremors, genital
grooming, and writhing as the least frequent behavior
observed (see Figure 3).

Statistical analysis revealed significantly higher number
of eye twitching and teeth chattering episodes in HR than in
LR animals during NTX-precipitated withdrawal (¢ = 3.453,
p<0.05 and t=3.502, p<0.05 after Bonferroni correction,
respectively). By contrast, no significant differences were
present between the two groups of animals in the number
of wet dog shakes, escape jumps, paw tremors, genital
grooming, and writhing episodes (see Figure 3).

Experiment III: Measurement of Place Aversion

During the preconditioning phase of the test, animals did
not show any significant preference for either compartment
of the place aversion box, with an average time spent in the
compartment with Plexiglas floor of 584+27 SEM seconds
and an average time spent in the compartment with metallic
floor of 616 +27 SEM seconds. After conditioning, both HR
and LR animals showed aversion to the side paired with
NTX. This effect was dose-dependent with higher aversion
scores in the animals injected with the highest dose of NTX,
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Figure 3 Somatic signs during precipitated withdrawal in HR and LR
animals. ET, eye twitching; TC, teeth chattering; WDS, wet dog shakes; JMP,
escape jumps; PT, paw tremors; GG, genital grooming; WR, writhing. All
data are mean+SEM (n=6—7 animals per group). *p<0.05. Student's
t-test followed by Bonferroni correction for multiple t-tests.

Table | Naltrexone-Induced Conditioned Place Aversion in
Morphine-Dependent HR and LR Animals

HR LR
NTX | mg/kg —-218+74 —1984+90
NTX 0.5 mg/kg —140.6+41.1 —133.8+65
NTX 0.1 mg/kg —1163+£522 —107.6+614

Aversion scores are time in the NTX-paired side on the test day minus that on
the preconditioning day. Values are mean+ SEM (n = 5-8 animals per group).
Two-way ANOVA.

although this trend failed to reach significance owing to
variability (F,;3;=1.124, p>0.33). Importantly, aversion
scores in HR and LR animals were nearly identical, and
ANOVA indicated no significant effects for the HR-LR
dimension (F; 33=0.04, p>0.83), nor any significant
group X treatment interaction (F,, 33 =0.005, p>0.99) (see
Table 1).

Experiment IV: Quantification of mRNA Levels
for Adrenergic Receptors in the BST and CeA
of HR and LR Animals

When adrenergic receptor mRNA levels in the BST and
CeA of HR vs LR rats were compared, statistical analysis
showed that HR animals have significantly higher f,;
adrenergic receptor mRNA levels in the BST than in LR
animals (f=4.337, p<0.01 after Bonferroni correction).
No other significant differences were found in BST or CeA
(see Figure 4).

Dark-field autoradiographs of the BST after in situ
hybridization for the f§; adrenergic receptor showed wide-
spread labeling throughout the BST, with slightly higher
signal in the posterior portion of the nucleus (see Figure 5).

When i, mRNA levels were compared in HR vs LR
animals in the lateral, medial, and ventral subdivision of the
BST, statistical analysis revealed significantly higher f,;
mRNA levels in HR than in LR animals in the BSTI
(t=6.052, p<0.01 after Bonferroni correction) and BSTm
(t=3.841, p<0.01 after Bonferroni correction) but not
BSTv (see Table 2).
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Figure 4 Adrenergic receptors mRNA levels in the BST and CeA of HR
and LR animals as measured by in situ hybridization. (a) Integrated optical
density for o, oy, O2a % P1, and S, adrenergic receptors mRNA
levels in the BST in HR vs LR animals. (b) Integrated optical density
for oy, o, and o, adrenergic receptors mRNA levels in the CeA in
HR vs LR animals. (c) Representative coronal sections showing mRNA
signal for B, (top) and f, (bottom) adrenergic receptors in the BST of
HR and LR animals as measured by in situ hybridization. AC, anterior
commissure. All values are mean+SEM (n=6 animals per group).
*##p <0.01. Student’s t-test followed by Bonferroni correction for multiple
t-tests.

Finally, subsequent comparison of ; adrenergic receptor
mRNA levels in CA1, Cin Cx, and MHA in HR vs LR animals
showed no significant differences between the two groups of
animals in any of the brain regions (see Figure 6).

Experiment V: Effects of the Microinjection of the f;
Selective Antagonist Betaxolol in the Dorsal BST on
Somatic Symptoms and Place Aversion Induced by
Morphine Withdrawal in HR vs LR Animals

Statistical comparisons for behavioral symptoms during
NTX-induced withdrawal in HR vs LR animals revealed a
significantly higher number of teeth chattering episodes
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Figure 5 Dark-field autoradiographs of silver grains representing labeling
with 8, probe in the BST at coronal planes 0.2 mm anterior, and 0.26, 0.4,
and 0.92 posterior to bregma. Signal is present throughout the BST, and it is
slightly stronger in the posterior section of the nucleus. 3v, third ventricle;
ac, anterior commissure; j, BST juxtacapsular; la, BST lateral anterior; Id, BST
lateral dorsal; li, BST lateral intermediate; Ip, BST lateral posterior; Iv, BST
lateral ventral; ma, BST medial anterior; mv, BST medial ventral; pi, BST
medial posterointermediate; pl, BST medial posterolateral; pm, BST medial
posteromedial (Paxinos and Watson, 1998). Scale bar= 500 pm.

Table 2 Integrated Optical Density for f; Adrenergic Receptors
mRNA Levels in the Lateral (BSTI), Medial (BSTm), and Ventral
(BSTv) BST as Measured by In Situ Hybridization

HR LR
BST lateral 121724637 8244+ | |9%*
BST medial 7683 +403 5870+ 245%*
BST ventral 3212+ 162 31174240

Values are mean+ SEM (n = 6 animals per group). **p <0.0l. Student’s t-test
followed by Bonferroni correction for multiple t-tests.

in HR-VEH than LR-VEH animals (t=2.271, p<0.05);
bilateral microinjection of betaxolol into dorsal BST dose-
dependently reduced the difference between HR and
LR animals to a nonsignificant level (see Figure 7a). No
significant effects were present for the other behavioral
symptoms scored (data not shown).

In the place aversion test, statistical analyses of aversion
score during NTX-induced withdrawal showed no signifi-
cant difference in HR-VEH vs LR-VEH animals. Bilateral
microinjection of betaxolol into dorsal BST dose-depen-
dently blocked aversion in HR animals. As a consequence,
aversion score was significantly lower in HR-BHD than
LR-BHD animals (t=2.275, p<0.05; see Figure 7b).

Both successful placements and misplacements of
cannulae tips are illustrated in Figure 8. Eleven animals
were eliminated from all analyses because of histology.
Eight animals were eliminated because of damage to the
lateral ventricle during drug microinjection, two animals
because of single cannula misplacement, and one because of
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Figure 6 [, adrenergic receptors mRNA levels in the CAl, Cin Cx, and
MHA of HR and LR animals as measured by in situ hybridization. (a)
Representative coronal sections showing mRNA signal for the f,
adrenergic receptor in the CAl subregion of the hippocampus (top), the
Cin Cx (middle), and the MHA (bottom) in HR and LR animals as
measured by in situ hybridization. Scale bar= | mm. (b) Integrated optical
density for 3| adrenergic receptors mRNA levels in the CAl, Cin Cx, and
MHA of HR vs LR animals. All values are mean+ SEM (n=6 animals per
group). Student’s t-test.

double cannula misplacement. Of the animals eliminated,
three animals were in the HR-BHD group. In two of these
animals, cannula tips were properly positioned in the BST,
but the lateral ventricle was damaged; results from these
rats were similar to those of animals in the HR-BHD group
with proper cannulae placement. The other animal had both
cannula tips located in the caudate putamen, dorsal to the
BST; results from this rat were similar to those from rats
in the HR-VEH group with proper cannulae placement.
Results from the other eight animals eliminated were, as
expected, similar to those of vehicle-microinjected animals
in the same group.

DISCUSSION

This series of studies demonstrated that (a) greater novelty-
seeking behavior predicts an increase in some somatic signs
of opioid withdrawal, particularly teeth chattering and,
during precipitated withdrawal, eye twitching episodes; (b)
relative to LR, HR animals exhibit higher f§; receptor mRNA
levels in the medial and lateral BST. This differential
expression is molecularly selective, as expression levels
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Figure 7 Effects of bilateral microinjection of the f8; selective antagonist
betaxolol into the dorsal BST on opioid withdrawal. (a) Effects of bilateral
microinjection of betaxolol on teeth chattering episodes. (b) Effects of
bilateral microinjection of betaxolol on CPA. Values are mean+SEM
(n=5-9 animals per group). *p<0.05 compared to HR animals in the
same treatment group. Student's t-test.

of other types of adrenergic receptors were equivalent
between HR and LR rats. It is also regionally selective, as f3;
receptor expression was comparable between HR and LR in
all other brain regions tested; (c) the HR-LR f; receptor
difference is functionally significant in controlling somatic
symptoms, as a selective f§; receptor antagonist, betaxolol,
microinjected into the dorsal BST decreased teeth chatter-
ing episodes in HR to levels observed in LR animals;
(d) this differential expression is also functionally signifi-
cant in mediating the affective aspects of opiate withdrawal,
as betaxolol was significantly more effective in reversing
place aversion in the HR animals.

The number of teeth chattering episodes was higher in
HR animals during both spontaneous and NTX-precipitated
withdrawal, indicating that the route of morphine admin-
istration (i.p. or pellets), or the use of NTX to precipitate
withdrawal, is not responsible for this behavioral difference.
By contrast, eye twitching, a less robust abstinence measure,
was difficult to observe reliably under spontaneous with-
drawal. It was quantifiable under precipitated withdrawal,
where it was significantly higher in HR animals. These
observations are consistent with the previous finding that
these two somatic abstinence signs are modulated in the
BST (Delfs et al, 2000).
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Figure 8 Coronal sections through the BST showing the injection sites
inside the target area (dorsal BST). Numbers refer to the distance from
bregma. Empty circles indicate injection sites for animals excluded from
analyses because of histology (see Results).

Microinjection of the selective f; receptor antagonist
betaxolol into dorsal BST eliminated the difference in
withdrawal-induced teeth chattering episodes between HR
and LR animals, demonstrating that f; receptors in this
part of the BST are critical in mediating individual
differences in this sign. The HR-LR difference in teeth
chattering disappears 48h after spontaneous withdrawal,
suggesting that adaptive changes occur during that period.
Interestingly, the number of brain o, adrenergic receptors
progressively increases during morphine withdrawal (Smith
et al, 1989; Gabilondo and Garcia-Sevilla, 1995). This
compensatory increase could inhibit withdrawal-induced
norepinephrine (NE) release in the BST and dampen its
behavioral consequences. Moreover, a possible downregula-
tion of postsynaptic f; receptors in the dorsal BST owing to
the sustained increase in NE release during withdrawal
could contribute to eliminate the differences in teeth
chattering episodes in HR vs LR animals seen on the first
day of spontaneous withdrawal.

Importantly, we demonstrated the impact of the selective
1 receptor antagonist betaxolol on the motivational aspects
of opiate withdrawal. Although HR and LR rats did not
differ in their aversion scores under any NTX doses tested,
microinjection of betaxolol into dorsal BST was more



effective in reversing place aversion in HR than LR animals.
It is conceivable that higher doses of betaxolol would
become effective in LR rats; however, 1 nmol is the highest
dose that selectively blocks f3; receptor without compromis-
ing receptor selectivity (Aston-Jones et al, 1999; Cecchi
et al, 2002; Leri et al, 2002).

How is it that HR and LR rats have similar place aversion
scores and yet have such a differential sensitivity to
betaxolol? And how can betaxolol pretreatment cause a
profound reduction in place aversion in HR rats even
though it blocks only a subset of their somatic signs?

It is likely that HR and LR animals activate some-
what different circuits involved in opiate withdrawal, both
for somatic and affective responses. Distinct circuits are
indeed responsible for somatic and aversive signs of opioid
withdrawal (Mucha, 1987; Delfs et al, 2000; Frenois et al,
2002). Some brain structures, including extended amyga-
dala, basolateral amygadala, lateral septum, and hippocam-
pal CAl, express c-fos mRNA during withdrawal aversion
in the absence of somatic signs. Other structures, including
dopaminergic and noradrenergic nuclei, motor striatal
areas, hypothalamus, and periaqueductal gray, are recruited
when a full withdrawal syndrome is observed (Frenois et al,
2002). The fact that place aversion can be significantly
blocked when only some components of the somatic
syndrome are inhibited supports the view that unique
neural mechanisms encode the affective response to absti-
nence. Our findings underscore the fact that this affective
response is differentially mediated in two groups of animals
that have differing vulnerabilities to drug self-administra-
tion, and identify f; receptor as a molecular mediator of
this affective difference.

Are there other differences in the noradrenergic system
that may participate in this differential responsiveness to
opiate abstinence? Retrograde tract-tracing studies in
morphine-dependent rats after NTX-precipitated opiate
withdrawal show that noradrenergic cells stimulated by
opioid withdrawal and projecting to the BST are prominently
located in the nucleus tractus solitarius (NTS) (Aston-Jones
et al, 1999). As a consequence of the noradrenergic system
activation, NE extracellular levels in the BST are elevated
during withdrawal (Fuentealba et al, 2000) and produce an
activation of the dorsolateral and ventral parts of the BST
that is blockable by  antagonists (Aston-Jones et al, 1999;
Gracy et al, 2001). We studied basal expression of several
catecholamine-related molecules in the locus coeruleus and
NTS of HR and LR animals (in preparation). No differences
in tyrosine hydroxylase (TH), dopamine f-hydroxylase, o5,
presynaptic adrenergic receptor, or NE transporter mRNA
levels were observed in locus coeruleus. In NTS, only TH
mRNA was differentially expressed, and was higher in LR
animals. As NTS projects to the BST and is activated during
withdrawal, and as increased TH expression may result in
increased NE levels, this could cause the downregulation
in f; receptor seen in LR animals. Further studies are needed
to analyze the differential regulation of this system in
conjunction with differences in opiate abstinence.

What is the likely mechanism whereby a difference in f;
receptor expression leads to HR-LR differences in absti-
nence? Neurons from the dorsolateral BST, likely inhibitory,
heavily innervate the ventral BST (Dong et al, 2001),
which in turn sends excitatory projections to dopamine
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(DA) neurons in the ventral tegmental area (Georges and
Aston-Jones, 2002; Dumont and Williams, 2004). Thus, f,
receptors would inhibit accumbal DA activity indirectly,
contributing to the decrease in DA release associated with
withdrawal (Acquas et al, 1991; Pothos et al, 1991; Rossetti
et al, 1992; Diana et al, 1995; Stella et al, 2003). Because
of their differential expression, f§; receptors would play a
larger role in HR than LR animals.

It is conceivable that f; adrenergic receptors in the
dorsal BST could regulate withdrawal-induced aversiveness
through the CeA, as this structure receives heavy innerva-
tion from the dorsolateral BST (Dong et al, 2001), and is
implicated in the affective response to opiate withdrawal
(Gracy et al, 2001; Watanabe et al, 2002, 2003). However,
electrical stimulation of the CeA fails to affect DA release in
the nucleus accumbens (Howland et al, 2002), making BST
regulation of affective aspects of withdrawal through CeA
less likely. It is more likely that the CeA mediates the f;
adrenergic modulation of somatic withdrawal signs. Indeed,
the CeA receives a range of sensory information from
ascending and descending inputs (Swanson and Petrovich,
1998), and projects heavily to autonomic centers including
the dorsal motor nucleus of the vagus, NTS, parabrachial
nucleus, and trigeminal pre-motor neurons (Hopkins and
Holstege, 1978; Yasui et al, 2004) —circuits that mediate the
somatic signs of opioid withdrawal.

Within the BST, is f§ adrenergic control over the affective
and somatic aspects of withdrawal mediated by the same
neuronal populations? The BST contains multiple peptide
populations coexpressed in GABAergic neurons, with the
clearest separation between corticotropin-releasing factor
(CRF)-expressing and enkephalin-expressing populations
(Day et al, 1999). Microinjection of [ antagonists into
BST blocks anxiety-like behavior in the elevated plus-maze,
and reduces stress-induced reinstatement of drug-seeking
behavior (Cecchi et al, 2002; Leri et al, 2002). These effects
are likely exerted through noradrenergic regulation of
CRF-containing cells (Hornby and Piekut, 1989; Phelix
et al, 1994; Lee and Davis, 1997; Erb and Stewart, 1999). It is
therefore reasonable to suggest that BST CRF neurons
would mediate the affective aspects of opiate withdrawal.
By contrast, NE regulation of somatic signs is likely
mediated by enkephalin-positive neurons within the BST.
Enkephalin, but not CRF, neurons display a c-fos response
after precipitated withdrawal (Veinante et al, 2003; Hamlin
et al, 2004). Importantly, microinjection of a CRF antago-
nist into BST does not affect the severity or somatic signs of
opiate withdrawal (McNally and Akil, 2002). It is therefore
likely that somatic aspects of opioid withdrawal on the one
hand and affective component on the other are modulated
via distinct, NE-sensitive circuits within the BST.

The sustained negative affect associated with drug absti-
nence is worthy of careful study as it may cause relapse.
Whether f; receptors in one or more neuronal populations
within the BST participate in individual differences in the
long-term affective consequences of withdrawal remains to
be investigated.

Conclusions

The present study provides novel evidence of a link between
p, adrenergic receptors in the dorsal BST and individual
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differences in opioid withdrawal. This suggests that a focus
on f}; adrenergic drugs might be valuable in treatment
of human opiate addicts. Our work further suggests that
the novelty-seeking dimension, previously associated with
initial drug-seeking behavior, is also related to differences
in opiate withdrawal. The homologous dimension in
humans, sensation-seeking behavior, has been widely
studied and related to various personality traits and pro-
pensity for substance abuse (Zuckerman and Neeb, 1979;
Cloninger, 1987). The examination of this variable in
relation to the symptoms and treatment response during
heroin withdrawal would be of great interest. The study of
individual differences in opioid withdrawal in rats repre-
sents a new animal model for understanding the neural
mechanisms underlying differences in human withdrawal
and the propensity for continued substance abuse in some
individuals.
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