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Previous studies have reported that noradrenergic antagonists alleviate some of the symptoms of opiate
withdrawal and dependence. Clinical studies also have shown that modification of the noradrenergic system
may help protect patients from relapse. The present study tested the hypothesis that a dysregulated
noradrenergic system has motivational significance in heroin self-administration of dependent rats. Prazosin,
an oy-adrenergic antagonist (0.5, 1.0, 1.5 and 2.0 mg/kg, i.p.), was administered to adult male Wistar rats with
a history of limited (1 h/day; short access) or extended (12 h/day; long access) access to intravenous heroin
self-administration. Prazosin dose-dependently reduced heroin self-administration in long-access rats but
not short-access rats, with 2 mg/kg of systemic prazosin significantly decreasing 1 h and 2 h heroin intake.
Prazosin also reversed some changes in meal pattern associated with extended heroin access, including the
taking of smaller and briefer meals (at 3 h), while also increasing total food intake and slowing the eating rate
within meals (both 3 h and 12 h). Thus, prazosin appears to stimulate food intake in extended access rats by
restoring meals to the normal size and duration. The data suggest that the oy adrenergic system may

contribute to mechanisms that promote dependence in rats with extended access.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

To understand better the mechanisms underlying heroin addic-
tion, animal models relevant to components of heroin dependence
have been sought. Such models of dependence have involved opiate
exposure/withdrawal paradigms (e.g., chronic morphine pellet
implantation and multiple morphine injections), reinstatement of
heroin-seeking, and operant self-administration in limited access
sessions (Young et al., 1977; Bozarth and Wise, 1985; Shaham et al.,
1998; Carrera et al., 1999; Erb and Stewart, 1999; Hutcheson et al.,
2001; Azar et al., 2003). However, only recently have models studying
extended drug access in rats been modified to incorporate the
excessive and increasing drug intake associated with human
addiction.

Heroin and cocaine are both self-administered in increasing
quantities when animals are allowed extended, as opposed to limited,
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access, a finding termed “escalation” (Ahmed and Koob, 1998; Ahmed
et al, 2000). Extended access to heroin consumption (11 h/day)
increased intake and persistently increased the motivation to take
heroin, reflected by the increased responding for heroin after
footshock stress, more lever responding for heroin, and slower
extinction of heroin-seeking behavior compared with short-access
controls (Ahmed et al., 2000). Rats allowed 23 h access to a fixed unit
dose of heroin showed even more dramatic, spontaneous escalation in
intravenous self-administration of heroin (Chen et al., 2006). These
“escalation” models of heroin self-administration have face and
predictive validity for modeling the compulsive drug intake associated
with heroin dependence in humans (Ahmed and Koob, 1998; Ahmed
et al., 2000; Koob et al., 2004; Chen et al., 2006). Short-access rats, in
contrast, limit consumption to lower, more stable levels, and show
significantly decreased extinction responding, a faster extinction rate,
and are less prone to footshock-induced reinstatement than long-
access rats (Ahmed et al., 2000). Thus, the short- vs. long-access
models of intake offer further predictive validity via the inclusion of
controls that, while having experience with opioid self-administra-
tion, differ in heroin intake, helping to discern the effects of
treatments directed toward opioid use vs. excessive use.
Additionally, rat models of extended heroin access have been
useful particularly when comparing the behavioral profiles associated
with different stages in the development of heroin dependence, such
as circadian and meal pattern measures of food intake (Chen et al.,
2006). Previous research has shown that changes in the amount and
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pattern of food intake may be valuable as a sensitive indicator of the
effects of heroin (Thornhill et al.,, 1976) and the development of
heroin dependence (Chen et al., 2006). Meal pattern analysis
revealed that smaller and briefer, but more, meals of food were
taken within 7 days of daily extended (23 h) access to heroin (Chen
et al, 2006). Thus, neuroadaptive mechanisms contributing to
dependence also may be reflected not only in increased heroin
self-administration, but also in changes in homeostatic processes
measured by meal pattern analysis.

The challenge now is to identify the neuroadaptive mechanisms
that mediate the change in motivation for heroin that occurs during
the transition to dependence. Neurochemical systems implicated
include y-aminobutyric acid (GABA), dopamine, corticotropin-releas-
ing factor (CRF), neuropeptide Y, and norepinephrine (Koob, 1992). An
interaction between opioidergic and noradrenergic systems has been
proposed (Aghajanian, 1978), and a;- and 3-adrenergic receptors have
been targeted for alleviating opioid withdrawal (Redmond and Huang,
1982; Funada et al., 1994). Clonidine, an «oy-adrenergic receptor
agonist, has been reported to be effective in reducing opiate
withdrawal symptoms in humans and animals (Gold et al., 1978;
Katz, 1986). Recently, studies have noted the importance of nora-
drenergic signaling in mediating not only opiate withdrawal (for
review, see Maldonado 1997), but also opiate reward (Olson et al.,
2006).

Furthermore, data suggest that o receptor modulation of the
effects of opioids may be more important than previously hypothe-
sized. Prazosin, an «; adrenergic receptor antagonist, binds all three
«q receptor subtypes with high affinity (Nicholas et al., 1996). Prazosin
was found to block acquisition of morphine-induced conditioned
place preference in mice (Zarrindast et al., 2002). Mice lacking oy,
receptors had decreased locomotor hyperactivity and an attenuated
conditioned place preference in response to morphine administration
(Drouin et al., 2002). Prazosin also reversed tolerance to morphine
analgesia and attenuated morphine withdrawal-induced weight loss
in mice (Ozdogan et al., 2003; Zarrindast et al., 2002; Drouin et al.,
2002). Therefore, the oy receptor appears to have a role in opiate
reward, tolerance, and withdrawal, and thus was hypothesized to have
a role in the increased heroin self-administration that develops with
prolonged drug access.

The present study tested the hypothesis that administration of
prazosin would decrease drug self-administration in long-access
(12 h) rats compared with limited access (1 h) control rats and
determined whether prazosin would reverse some additional mea-
sures associated with dependence, such as the meal pattern changes
observed in rats with extended access to heroin (Chen et al., 2006).

2. Materials and methods
2.1. Animals

Adult male Wistar rats (n=14; Charles River, Raleigh, NC) weighing
between 200 and 250 g at the beginning of the experiments were
housed in groups of three in a humidity- and temperature-controlled
(22 °C) vivarium on a 12 h light/dark cycle with ad libitum access to
food and water. The animals were allowed to acclimate to these
conditions for at least 7 days. All procedures adhered 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.

2.2. Surgery

Rats were anesthetized with an isoflurane/oxygen vapor mixture
(2.0-2.5%) and prepared with chronic intravenous catheters as
previously described (Caine et al., 1993). Briefly, the catheters consisted
of a 14 cm length of silastic tubing fitted to a guide cannula (Plastics

One, Roanoke, VA) bent at a right angle. The skull was exposed and
cleaned, and four skull screws were implanted, one in each quadrant.
The bent guide cannula was secured rostral-caudally to the center of the
skull using cranioplastic cement. The catheter tubing was passed
subcutaneously from the animal's skull to the right jugular vein, which
was punctured with an 18-gauge needle. Then, 3.7 cm of the silastic
tubing were inserted into the vein and tied gently with suture thread.
Surgery was conducted under sterile conditions, and all connections
involving the catheter were kept as sterile as possible. All animals were
allowed to recover for a minimum of 1 week before receiving access to
heroin self-administration. Catheters were flushed daily with 0.2 ml of
sterile physiological saline containing heparin (30 USP units/ml) and
the antibiotic Timentin (SmithKline Beecham Pharmaceuticals, Phila-
delphia, PA) given in the same volume to all rats.

2.3. Catheter patency

Catheter patency was tested whenever an animal not receiving
drug pretreatments displayed behavior outside baseline parameters.
In these cases, 0.1 ml of the ultra short-acting barbiturate anesthetic
Brevital sodium (1% methohexital sodium, Eli Lilly, Indianapolis, IN)
was administered through the catheter. Animals exhibiting prominent
signs of anesthesia (pronounced loss of muscle tone) within 3 s of
intravenous injection and recovering within 5 min after the injection
were assumed to have patent catheters. Animals that lost catheter
patency per this assay during the course of the experiment were
excluded from the experiment and data analysis.

2.4. Self-administration chambers

For each session, the animals were placed into operant cages
located inside ventilated, sound-attenuating chambers equipped with
a 1.1 W miniature light bulb synchronized to the 6 AM (lights on)/6 PM
(light off) light/dark cycle. The catheter fittings on the animals' skulls
were connected to polyethylene tubing contained inside a protective
metal spring (tether) that was suspended into the operant chamber
from a liquid swivel attached to a balance arm. Heroin was delivered
by a syringe pump (Razel) as described in Caine et al. (1993).
Modifications from the Caine et al. (1993) procedure were made to use
a two-rotation-per-minute syringe pump motor to push on a 30 ml
syringe for 4.5 s to deliver a 0.1 ml infusion. The 30 ml syringe size was
used to ensure that sufficient drug was available for the full 12 h
session without having to replace syringes. Each operant session was
performed using one active and one inactive retractable lever that
extended approximately 1 in. into the chamber. Following completion
of each fixed-ratio 1 (FR1) requirement, a 28 V white stimulus light
located above the active lever signaled the delivery of a drug and
remained on for a 20 s timeout (TO) period, during which responses
were recorded but had no scheduled consequences.

2.5. Drugs

Prazosin hydrochloride (the hydrochloride salt of 1-[4-amino-6,7-
dimethoxy-2-quinazolinyl]-4-[2-furoyl] piperazine; Sigma) was
administered intraperitoneally (2 ml/kg) in sterile water. Heroin
(3,6-diacetylmorphine; International Union of Pure and Applied
Chemistry: [5a,6at]-7,8-didehydro-4,5-epoxy-17-methylmorphinan-
3,6-diol diacetate [ester]) was generously provided by the National
Institute on Drug Abuse (Bethesda, MD) and dissolved in 0.9% normal
sterile saline.

2.6. Intravenous heroin self-administration
Rats were allowed to nosepoke for food (Cat# 5TUM, 45 mg pellets,

TestDiet, Richmond, IN) or water (100 pl per nosepoke) for 23 h/day
for 5 days prior to surgery. After 7 days of recovery from surgery,
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animals were allowed to lever press for intravenous heroin (0.06 mg/
kg/0.1 ml infusion/4.5 s; FR1; TO 20 s, 1 h per day). No food restriction
was used to establish operant responding. During the acquisition of
heroin self-administration (8 days of 1 h sessions), food and water
were not available to the rats while in the test chambers. After each
training session, rats were returned to their home cages with food and
water freely available until the next day's session. Following the 8 days
of acquisition, rats were separated into short (1 h) and long (12 h)
heroin access groups. Long- and short-access sessions began at the
onset of the rats' dark cycle. Short-access rats had no access to food or
water during the 1 h limited access sessions. Long-access rats had
concurrent access to food and water during the 12-hour heroin
session. Rats in both access conditions had free access to food and
water in the home cage between daily self-administration sessions
(Table 1). During sessions for the long-access rats, lever presses for
drug infusion and nosepokes for food and water were recorded with
10 ms resolution as described previously (Chen et al., 2006; O'Dell
et al., 2007).

2.7. Prazosin testing

Long-access rats were tested for 12 h/day for 6 days/week, and
short-access rats were tested 1 h/day for 6 days/week (n=7/group).
Long-access rats were allowed to remain in the boxes for an additional
3 h, during which food and water, but not drug, were available (drug
levers were retracted) and responses were recorded until the
experimenter arrived to remove the animals from the boxes and
return them to their home cages. Three animals that eventually were
used in the prazosin experiments had a 21 day history of 23 h access
but then were changed to 12 h access for 30 days before prazosin
testing. As with the 12 h access rats, the 23 h access rats had no prior
drug testing before prazosin. Because no difference in baseline 1 h or
12 h heroin responding in these three animals were observed,
compared with rats with a history of continuous 12 h access, the
two groups were combined to form the 12 h group used in the present
experiment. Prazosin testing was done in a Latin-square design, with
every other day as a testing day (one heroin day with no drug
treatment to wash-out the prazosin), with one dose per day (Table 2).
Prazosin testing did not begin until within-subjects ANOVA indicated
that the LgA and ShA groups each did not differ in the mean response
rate across 3 consecutive days of testing.

Prazosin was prepared in sterile water, sonicated for 15 min, and
injected intraperitoneally. Injections in a volume of 2 ml/kg at doses of
0, 0.5, 1, 1.5, or 2 mg/kg were given 30 min prior to the start of operant
sessions for heroin, based on an onset of action between 5 and 40 min in
rats (Menkes et al., 1981). Operant responding for food and water was
measured in the long-access rats for the duration that they were in the
boxes. Food intake was corrected for body weight and metabolism
using Kleiber's law [(gram food)/(body weight in kg)®7°] (Sidhu, 1992).
One rat’s data were omitted from all analyses because of significant

Table 1

Prazosin testing schedule

12 h group

5:30 PM  Prazosin or vehicle injection

6:00 PM  Food, water, and heroin available; rats in boxes

6:00 AM  Heroin levers retract; food and water still available

9:00 AM Rats removed from boxes and placed in home cages with ad libitum access
to food and water

1 h group

10:30 AM Prazosin or vehicle injection

11:00 AM Heroin available; rats in boxes

12:00 PM Short-access rats removed from boxes and placed in home cages with ad
libitum access to food and water

Table 2

Prazosin testing schedule

Heroin day 53 Vehicle day 1
Heroin day 54

Heroin day 55 Test day 1
Heroin day 56

Heroin day 57 Test day 2
Heroin day 58

Heroin day 59 Test day 3
Heroin day 60

Heroin day 61 Test day 4
Heroin day 62

Heroin day 63 Test day 5
Heroin day 64

Heroin day 65 Vehicle day 2

Heroin day 66

weight loss (>5% of body weight) from vehicle day 1 to test day 3 that
occurred because of problems with the food hopper system.

2.8. Meal pattern analysis

Meal pattern analysis was performed using a drinking-inclusive
meal definition validated previously (Zorrilla et al., 2005). A meal was
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Fig. 1. Increased heroin intake in long-access (12 h) rats. Mean + SEM of heroin intake in
pg/kg. 12 h rats (n=4) increased intake from ~1500 pg/kg over the first 3 days to
3200 pg/kg of heroin/day by day 52 (A). These data did not include rats given 23 h access
to heroin because they did not have 53 days of 12 h heroin access. Comparison of first
hour heroin intake of long- and short-access rats reveal higher heroin intake in the
long-access (12 h) rats after day 28 (B), but no significant differences in first hour heroin
intake were observed.
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Fig. 2. Prazosin decreased first hour heroin responding in long-access (12 h) rats but not in short-access (1 h) rats. Prazosin at a dose of 2 mg/kg significantly (*p<0.05) reduced heroin
intake (mean+SEM) in the first hour in 12 h access rats (long-access, n=7, left panel). No effect was observed in short-access rats (n=7, right panel) at any of the doses tested. *p<0.05,

overall dose effect and a specific effect at the 2 mg/kg dose compared with vehicle.

defined as a burst of responding for either food or water that
contained at least five food-directed responses or 0.225 g (Demaria-
Pesce and Nicolaidis, 1998; Zorrilla et al., 2005), and the maximum
interval (inter-response interval) between ingestive responses that
was considered to continue the ongoing meal was set as 5 min
between either food or water responses, based on previous observa-
tions (Zorrilla et al., 2005). This threshold criterion was selected to
provide the most stable estimate of meal structure under the current
experimental conditions (Zorrilla et al., 2005). Under this definition,
perceived meal termination was uniformly and immediately followed
by the behavioral satiety sequence (Zorrilla et al., 2005). Also
following perceived meal termination, rats initially exhibited an
extremely low probability of subsequent meal initiation that mono-
tonically increased with time, findings consistent with predictions of
satiety (Zorrilla et al., 2005).

The following parameters for nocturnal meal structure then were
calculated: (i) total quantity of prandial food intake, (ii) total duration
of prandial intake, (iii) meal frequency (number of meals), (iv) average
meal size, (v) average meal duration, and (vi) response rate (eating
and drinking rate) during meals. Meal duration was calculated as the
total time from the first to the last response of a meal, and duration of
eating within the meal was calculated as the duration of consecutive
responses for food. Thus, transitions between eating and drinking
were included in the total meal duration but not in the duration of
eating. Meal sizes for eating were calculated as the average number of
food-directed responses during a meal. Rates of eating were calculated
by dividing each meal size by the duration of eating within meals. In
the absence of experimental treatments, rats normally exhibit high
stability in these measures of meal patterns (calculated as an
intraclass correlation of absolute agreement; Shrout and Fleiss,
1979; average r=0.77 across 3 weeks of testing; Zorrilla et al., 2005).

Table 3
Effects of prazosin on heroin responding

Time-point Heroin responding

Prazosin dose (i.p.)

Vehicle 0.5 mg/kg 1.0 mg/kg 1.5 mg/kg 2 mg/kg
1h 9.0£12 6.7£1.1 6.7+1.6 54+1.2 5.0+13*
2h 12.6+2.0 11.0£18 10.6+£2.4 9327 9.1+1.8*%
3h 14.9+2.6 14424 15.6+3.7 13.0£3.3 13.6+2.6
Total (12 h) 53.4£9.5 47.6+6.6 473+8.6 54.6+13.4 479%9.5

Effects of prazosin on heroin responding. Mean + SEM of heroin responses in long-access
rats (n=7)over 1, 2, 3, and 12 h. Prazosin had a significant effect on heroin responding at
the 1 h and 2 h time-points (*p<0.05), but not at the 3 h or 12 h time-points.

2.9. Statistical analysis

Heroin self-administration data (1 h, 2 h, 12 h) were analyzed using
one-way or two-way ANOVA as dictated by the experimental design.
Meal pattern data were analyzed using repeated measures ANOVAs,
except a Student's t-test was performed to identify meal pattern
changes induced by heroin from day 0 to the average of days 51 and 54
(before and after the first vehicle day, respectively, for a more
representative measure). When the assumption of sphericity was not
met, the Greenhouse-Geisser correction was used. In addition to
ANOVAs, we performed a dose-by-access linear trend contrast
analysis. We subsequently identified the source of any interaction
with dose using simple main effects (within-subjects) and individual
means comparisons with Dunnett's test. With dose-response func-
tions, a powerful way of using ANOVA is to perform linear trend
analysis (Bewick et al., 2004, Bretz et al., 2004; Rosner, 1995; Sheskin,
2004). With a significant dose xaccess linear trend contrast, a simple
main effect of dose on heroin intake within each group was performed
using the error term MSg.subjw - groups (Means squares of the within-
subjects dose factor [B]xsubjects within-groups), and the F ratio=
[(MSp at a1)/ (MSg x subjw - groups)], where b=a given dose, and a=a given
access condition (Winer, 1962). Statistical analyses were conducted

Table 4
Effects of extended heroin access on meal microstructure

Day 0 Day 51 and 54 average

3 h time-point
Total food intake (g/kg®7>) 8.7+0.8 9.2%1.0
Total duration of prandial intake (food only) (min) 11.8+1.2 19.5+1.6%*

Meal frequency 26+04 4.6+£04%*
Average meal size (g/kg®”>) 3.7£04 22+04*
Average meal duration (food only) (min) 5.0+0.6 4.9+0.8
Eating rate (mg/s) 6.5+03 5.2%1.0

12 h intake

Total food intake (g/kg®”®) 33.8£19 31.0+28
Total duration of prandial intake (food only) (min) 47.0+3.5 61.2+4.1%
Meal frequency 103+1.0 16.3+1.2%*

Average meal size (g/kg®”°) 35+03 1.9x0.1%*
Average meal duration (food only) (min) 49+04 3.8+0.3*
Eating rate (mg/s) 6.4+0.2 5.5%0.7

Effects of extended heroin access on meal microstructure. Mean +SEM of meal pattern
measures at 3 h and 12 h from day 0 (pre-heroin) to days 51 and 54 (the average days
near prazosin testing, which began on day 55) in long-access rats (n=7). At 3 h,
extended heroin access significantly increased the total duration of prandial intake and
meal frequency and decreased average meal size. At 12 h, extended heroin access
significantly increased total duration of prandial intake and meal frequency and
decreased average meal size and average meal duration. *p<0.05, **p<0.001.



T.N. Greenwell et al. / Pharmacology, Biochemistry and Behavior 91 (2009) 295-302 299

Table 5
Prazosin effect on food intake in long-access rats

Food Intake (g/kg®7>)

Time- Prazosin dose (i.p.)

point Vehicle 0.5 mg/kg 1.0 mg/kg 1.5 mg/kg 2.0 mg/kg
1h 26+13 43+1.1 3.8+0.8 23105 45%12
2h 57+09 9.1+1.5% 8112 54+0.7 7809
3h 8.5+14 13.2+£1.2* 12.9+1.2 11.2+0.7 12.5£1.1*%
12 h 30.6+2.9 39.7+1.5% 39.2+3.2 35.3+0.8 361423

Effect of prazosin on food intake in long-access rats. Mean +SEM of g/kg food intake in
long-access rats (n=7), corrected for body weight using Kleiber's equation (Sidhu, 1992).
Food intake was increased by prazosin compared with vehicle at 2, 3, and 12 h, but not
at 1 h. *p<0.05.

using SPSS v.12.0 (Chicago, IL) and Microsoft Excel 2003 (Redmond,
WA). The level of significance was set at p<0.05.

3. Results
3.1. Heroin escalation

For all figures, the error bars in the figures reflect between-subject
variability, whereas the statistical test included each animal as its own
control. Rats allowed access to 12 h heroin/day for 40 days (n=4)
increased their heroin intake to 3.2 mg/kg by day 24 (Fig. 1). These data
did not include rats given 23 h access to heroin because they did not have
53 days of 12 h heroin access. A two-way, mixed design ANOVA from day
1 to day 53 of heroin access with time as a repeated measure and access
condition (long or short) as a between-subjects factor also revealed an
effect of Time on 1 h heroin intake [overall ANOVA: F(52,624)=3.837,
p<0.001; linear contrast: F1,12)=26.531, p<0.001]. A linear contrast
Time x Access interaction was observed [F(1,12)=13.263, p<0.01],
indicating that the long-access rats significantly increased their first
hour intake to a greater degree than the short-access rats. A one-way
repeated measures ANOVA on 1 h heroin intake in long-access rats from
day 1 to day 53 revealed a significant increase of heroin intake over time
[overall ANOVA: F52,312)=4.835, p<0.001; linear contrast: F(1,6)=
24.592, p<0.01], whereas a one-way repeated measures ANOVA on
heroin intake in short-access rats yielded no significant increase in
heroin intake over time (p>0.05).

3.2. Effects of prazosin on heroin self-administration

A two-way mixed ANOVA on the first hour of heroin self-
administration (Dose(repeated measure)xAccess(between-subjects
factor)) revealed a significant effect of dose (overall ANOVA: F(4,48)=
3.357; p<0.05; linear contrast: F(1,12)=14.237; p<0.01) but no main
effect of drug access (p=0.168). Although no significant Dose x Access
interaction was observed on 1 h heroin self-administration in the
overall ANOVA, a significant linear contrast Dose x Access interaction

on 1 h heroin self-administration was observed between the 1 h and
12 h groups [F(1,12)=6.328; p<0.05). Follow-up analysis showed a
significant linear dose trend analysis [F(1,6)=12.688; p<0.05) in the
long-access, but not short-access (p=0.229) group. Pairwise compar-
isons showed a significant effect in heroin self-administration between
the vehicle and 2 mg/kg dose (p<0.05) in long-access rats (Fig. 2).

A one-way repeated measures ANOVA on 2 h heroin responding in
the long-access group revealed no significant effect of prazosin on
heroin self-administration in the overall ANOVA, but a significant
dose-dependent linear contrast effect was observed [F(1,6)=17.763;
p<0.01). Pairwise comparisons showed that the highest dose of
prazosin (2 mg/kg) significantly reduced heroin responding compared
with the vehicle condition (p<0.05) (Table 3). No effect of prazosin
was observed on 3 h or 12 h heroin responding (Table 3).

3.3. Food and water responding

For both 3 h and 12 h time-points, no change was found in the
weight-normalized cumulative intake of food from day 0 to days 51
and 54 of heroin access (Table 4). Prazosin did not reliably alter 30 min
(data not shown) or 1 h (Table 5) cumulative food intake determined
by repeated measures ANOVA (p>0.05 for all measures). However, 2 h
cumulative food intake was increased by prazosin [F(4,24)=3.023;
p<0.05], with a significant increase from vehicle at the 0.5 mg/kg dose
(p<0.05; Table 5). The 0.5 mg/kg (p<0.05) and 2.0 mg/kg (p<0.01)
doses of prazosin increased 3 h cumulative food intake significantly
compared with vehicle treatment [ANOVA: F(4,24)=3.661; p<0.05;
linear contrast: F(1,6)=13.236; p<0.05] (Table 5). Prazosin also
increased 12 h cumulative food intake at the 0.5 mg/kg dose
[ANOVA: F(4,24)=2.735; p<0.05, pairwise comparison between
vehicle and 0.5 mg/kg dose: p<0.01; no significant linear contrast]
(Table 5). Prazosin did not cause any significant changes in water
intake at any time-point (data not shown).

3.4. Meal pattern analysis

Similar to previous reports (Chen et al., 2006), the long-access rats
showed significant changes in meal pattern from day O (pre-heroin) to
day 54 (Table 4). In the 12 h access group, rats ate significantly more
frequently (number of meals; p<0.01), but also smaller (average meal
size; p<0.01) and briefer meals (average meal duration; p<0.05) by
day 54 as determined by repeated-measures ANOVAs (Table 4).
However, the overall time spent eating was significantly increased
(total meal duration; p<0.05) following 54 days of extended access to
heroin self-administration.

Similar to what was observed with the 12 h analysis, rats also
exhibited more, but smaller, meals within the first 3 h of the dark
(active) cycle and an increase in total eating duration by day 54
compared with day 0, as shown by event recordings from a
representative rat (Fig. 3). However, the average meal duration was
not briefer within the first 3 h, unlike the observation in the 12 h
analysis (Table 4).

0 120 180
Day 0 (pre-heroin) @ (o G
Day 54 . Gamd) @@ GO ® @ E @ s
Vehicle ' iy gm a @ G
2.0 mg/kg prazosin (e & Ga GR) G DD

Fig. 3. Prazosin reverses heroin-induced meal changes over the first 3 h of heroin access. The event recordings from a representative rat showing food (up-ticks) responses day 0 and
day 54 of heroin extended access days (Day 0, Day 54), vehicle and the highest dose (2.0 mg/kg) of prazosin. Meals are the red ovals, and were defined as a burst of responding for food
and water that contained at least five food-directed responses (Demaria-Pesce and Nicolaidis 1998; Zorrilla et al., 2005) The rat eats about three large meals before being exposed to
heroin (Day 0), but then increases the amount of meals but decreases the size of the meals (Day 54; second trace). Prazosin increases the duration, frequency and size of meals
compared to Day 54 and the vehicle, but the rat still has shorter and more meals than Day 0, indicating that there is not a full reversal on eating pattern by prazosin.
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Table 6
Effects of prazosin on meal microstructure

Prazosin dose (i.p.) (days 55-64)

Vehicle 0.5 1.0 15 2.0
mg/kg mg/kg  mg/kg mg/kg

3 h intake
Total food intake 84+16 13.2x12* 11712 101+12 12.2+1.0*
(g/kg®7)
Total duration of prandial 18.5+3.8 32.1+53 23.0+4.0 33.2+3.8* 323+4.6
intake (food only) (min)
Meal frequency 5.3+0.6 6.3+0.8 57+0.6 6.0£0.5 5.0+0.5
Average meal size 1.5+0.2 23+0.3* 22+03 17102 2fee@ 2
(g/kg®7)
Average meal duration 3.4%05 52406 44%11 55+04* 6.7+10*
(food only) (min)
Eating rate (mg/s) 55+1.3 4.7+0.6 59+0.8 3.5+0.7 46+0.8
12 h intake
Total food intake 304+2.7 39.7+13*% 35.6+21 341+11 358%2.6%
(g/kg®")

Total duration of prandial 671+15.4 76.0+7.7
intake (food only) (min)

58145 91.9+10.9 753%7.6

Meal frequency 17.7+12  191+18 173%14 18712 163%21
Average meal size 1.7+0.1 22+0.2 21£02 19202 24+03
(g/kg®7)

Average meal duration 3.7+0.7 4.0+0.3 3.5+04 49+04 48+0.4
(food only) (min)

Eating rate (mg/s) 58+1.1 5.8+0.6 6.5+0.5 4.4+0.7 53+0.6

Effects on prazosin on meal microstructure. Mean +SEM of meal pattern measures over
different prazosin doses (0, 0.5, 1.0, 1.5, and 2.0 mg/kg) in long-access rats (n=7). At 3 h,
prazosin significantly increased total food intake, total duration of prandial intake,
average meal size, and average meal duration. At 12 h, prazosin significantly increased
total food intake. *p<0.05, **p<0.001.

3.5. Effect of prazosin on meal pattern analysis

Table 6 shows a summary of prazosin's effect on meal pattern
analysis results. Within the first 3 h, prazosin significantly reversed the
effects of extended heroin access by increasing the average meal size
[overall ANOVA: F(4,24)=3.602; p<0.05; linear contrast: F(1,6)=7.947,
p<0.05] and the duration of meals [overall ANOVA: F(1,6)=2.881;
p<0.05; linear contrast: F(1,6)=5.991; p<0.05). For an example of a
representative rat, see Fig. 3. Prazosin also increased the total quantity
|overall ANOVA: F(4,24)=3.046; p<0.05; linear contrast: F(1,6)=6.284,
p<0.05] and duration [overall ANOVA: F4,24)=3.369; p<0.05; linear
contrast: F(1,6)=22.343, p<0.01] of prandial food intake (Table 6).
Pairwise comparisons showed that the 0.5 mg/kg and 2 mg/kg doses of
prazosin significantly increased the average size of meals and total food
intake (Table 6). The 1.5 mg/kg and 2 mg/kg doses of prazosin increased
the total duration of eating, with the former reliably increasing the
average meal duration compared with vehicle treatment. Prazosin did
not reliably alter the frequency of meals or the eating rate within meals
during the first 3 h. Thus, prazosin appeared to reverse, at least partially,
the effect of heroin escalation on some meal pattern measures (Fig. 3,
and see also Tables 4 and 6).

During the entire 12 h access period, prazosin significantly increased
cumulative food intake [F(1,6)=3.434; p<0.05] that pairwise comparisons
revealed to be higher than vehicle at the 0.5 mg/kg (p<0.01) and 2 mg/kg
(p<0.05) doses (Table 6). Prazosin did not significantly alter other 12 h
meal measures (i.e., total duration of food intake, meal frequency, average
meal size and duration; ps>0.05; Table 6).

4. Discussion

The present study demonstrated that rats given extended access to
heroin increased their heroin intake, while rats given limited (1 h) access
did not increase their intake across 53 days of 12 h/day access, similar to
previous results (Ahmed et al.,, 2000; Chen et al., 2006). This study also

showed that prazosin, an o-adrenergic receptor antagonist, reduced
heroin self-administration in the first 1 h of access in long-access rats,
but not in short-access rats. Prazosin also significantly reduced 2 h
heroin responding in long-access rats. Similar results have been
observed with increase self-administration of ethanol and cocaine
associated with dependence (Wee et al., 2008; Walker and Koob, 2007).
In addition, prazosin reversed several meal pattern changes induced by
prolonged heroin access, including the taking of smaller and briefer
meals (at 3 h) associated with opioid dependence. Prazosin also
increased food intake.

In this experiment, heroin was available 7 days/week for 14
consecutive days during extended access and thereafter 6 days/week,
which suggests that any variability in the pattern of heroin intake can
not be attributed to off-days or withdrawal because the variability
remains throughout the experiment. In other experiments, we have
seen a small “deprivation effect” after the day off, reflected by an
increase in heroin intake (similar to the alcohol deprivation effect,
only not as pronounced). However, on the days after this deprivation-
induced increase in intake, a decrease in intake occurred, and this
might account for some of the variability after day 14. During prazosin
testing, rats had one intervening day off between test day 2 and test
day 3, and the overall reduction of heroin intake by prazosin might
have even been attenuated by a slight increase in heroin intake for rats
tested on day 3 due to the break between day 2 and day 3, but the
Latin-square design (mixed doses each day) would control for any day
effects of heroin intake. Thus, the effect we observed with prazosin
administration was attributed to a true drug effect.

Many studies have shown that the adrenergic system is important
in modulating aspects of drug dependence, but few studies have
investigated the role of the a;-adrenergic receptor in these changes.
The present results show that blockade of o-receptors selectively
reduces heroin self-administration during the first hour of access in
rats with a history of long access to heroin, providing support for the
hypothesis that overactivation of noradrenergic systems may play a
role in the motivational aspects of dependence via o receptors.
Prazosin at 2 mg/kg reduced cumulative heroin responding for up to
2 h (Table 3), suggesting that the time-course of intraperitoneal
administration of prazosin at this dose lasts for at least 2 h. Heroin
responding returned to baseline levels at the high dose after 6 h of
heroin access, which is in agreement with a duration of action of
prazosin of 2-3 h.

The onset of action of prazosin administered intravenously is 5-
40 min in rats (Menkes et al., 1981), but to our knowledge, no animal
studies have directly assessed prazosin's duration of action. In
humans, the half-life of prazosin is 2.2-3.7 h (Bateman et al., 1979),
suggesting that prazosin may have stopped working within 3.5 h of
injection in this experiment. We analyzed the results of the
experiment by hour (data not shown) and found that the high dose
of prazosin resulted in compensation of heroin intake after 6 h,
whereby higher heroin intake was seen after 6 h so that no differences
were observed in 12 h heroin intake. The effect of prazosin on heroin
administration was the most pronounced during the first two h of
lever pressing.

Numerous studies have shown that noradrenergic brain signaling
is involved in opiate withdrawal (Redmond and Huang, 1982; Taylor
et al.,, 1991; Maldonado, 1997; Aston-Jones et al., 1999). Adrenergic
antagonists alleviate opiate withdrawal, and blockade of o ; receptors
appear to have a role in reducing some opiate withdrawal symptoms
(van der Laan, 1987; Ozdogan et al., 2003). The o;-adrenergic receptor
is expressed in a variety of regions of the central nervous system,
including the olfactory system, cerebral cortex, cingulate cortex,
amygdala, reticular nucleus of the thalamus, hippocampus, dentate
gyrus, and trigeminal nucleus (McCune et al., 1993; Day et al., 1997).

Noradrenergic systems in the brain also have a key role in
mediating behavioral and autonomic responses to stress, and a
known link exists between stress and drug addiction (Koob, 1992;
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Shaham et al., 2000; Morilak et al., 2003). Clinical studies suggest that
prazosin reduces the symptoms of posttraumatic stress disorder,
especially night awakening and nightmares, in combat veterans
(Raskind et al., 2000; Raskind et al., 2002; Raskind et al., 2003).
Thus, prazosin may reduce heroin responding by alleviating negative
emotional or arousal states that are hypothesized to drive the
increased heroin responding associated with extended access.
The bed nucleus of the stria terminalis may be important for the
noradrenergic influence in driving motivational effects of drug
dependence based on studies of adrenergic agent microinfusion into
specific brain regions. The o,-adrenergic agonist clonidine and p-
adrenergic antagonists reduced opiate withdrawal when microin-
jected into the bed nucleus of the stria terminalis (Aston-Jones et al.,
1999; Delfs et al., 2000). A subtype of the o;-adrenergic receptor (otq,)
has been localized to the bed nucleus of the stria terminalis as well as
various feeding-related hypothalamic nuclei (including the paraven-
tricular and ventromedial hypothalamus) (Day et al., 1997). One
hypothesis is that the bed nucleus of the stria terminalis also may be
important for o;-adrenergic receptor-mediated effects, especially
negative emotional effects that may drive opioid self-administration,
whereas the feeding effects may be mediated through the paraven-
tricular nucleus of the hypothalamus.

Alternative mechanisms to explain the «; antagonist-mediated
decrease of heroin responding in long-access rats include weakened
positive reinforcement (Dworkin et al., 1988), attenuation of incen-
tive-learning (Hutcheson et al., 2001), and blunting of the incentive
salience of the drug reinforcer (Pecina et al., 2006). Prazosin
attenuated morphine-induced acquisition of conditioned place pre-
ference and opiate withdrawal in mice (van der Laan, 1987; Ozdogan
et al.,, 2003), suggesting that blockade of reward effects or alleviation
of negative reinforcement processes occurs. However, based on the
present study, because prazosin did not alter heroin self-administra-
tion in short-access rats, the results suggest that the o;-adrenergic
system is differentially recruited only after extended access to heroin.
Also, prazosin itself does not have rewarding effects when measured
by conditioned place preference (Zarrindast et al., 2002).

Prazosin decreased heroin self-administration and increased total
cumulative food intake, indicating that the drug did not non-
specifically impair appetitive behavior. Prazosin reversed reductions
in meal size and meal duration that resulted from prolonged access to
heroin self-administration, while increasing the duration of prandial
intake even further beyond heroin-naive levels (Tables 5 and 6).
Prazosin increased food intake by increasing the size of meals, which
also became longer individually and in aggregate. The literature
suggests that prazosin also can reverse anti-appetitive effects
(hypophagia) of acute cocaine exposure (Wellman et al., 2002).
Human clinical data suggest that o; antagonists increase appetite,
and, conversely, the o; agonist phenylpropanolamine has been used
as an appetite suppressant in weight loss efforts (Bray, 2000), in part
because it suppresses food intake via an o;-adrenergic receptor-
dependent mechanism (Wellman and Davies, 1992; Wellman et al.,
1997). Thus, the observed orexigenic effects of prazosin may be
attributable to not only normalization of the effects of extended
heroin access but also to direct stimulatory actions on appetite.

The paraventricular nucleus (PVN) appears to be a very important
site of action for the o;-ligand-mediated effects on feeding. Prazosin at
2 mg/kg (i.p.) reversed the feeding-suppressive effects of o,y agonists
injected into the PVN but had no effect on feeding when administered
alone (Wellman and Davies, 1992). In addition to o, receptors,
dopamine D, receptors also are important for anorectic actions in
the PVN (Cheng and Kuo, 2003). Thus, the PVN might be a major brain
area where systemic prazosin exerts the reversal of heroin-induced
changes in feeding patterns described in the present study.

An alternative hypothesis to explain the effects of prazosin on
increased meal size is that prazosin reversed a highly sensitive index
of opioid dependence (Chen et al., 2006). According to this hypothesis,

the meal pattern changes would anticipate and possibly precede other
motivational effects in the development of dependence. Indeed,
prazosin decreased heroin intake at the 1 h and 2 h time-points but
did not affect feeding measures until the 2 h time-point. Also, lower
doses of prazosin appeared to more potently influence the meal
pattern measure, whereas only the highest prazosin dose decreased
heroin self-administration in long-access rats. We observed similar
responding for food and water after prazosin testing as before
prazosin. Thus, we concluded that the prazosin may have caused a
transient reversal in heroin-induced meal pattern changes. However,
the increase in food and water responding during prazosin treatment
additionally served as a control for any non-specific effects on
appetitive responding in the long-access rats. The data show that
prazosin selectively decreases heroin intake through the measure of
operant heroin responses on an active lever while there are slight
increases in food intake, arguing against a non-specific effect of the
drug on appetitive responding or that there were any effects on
locomotor responding. However, one caveat is that food and water are
necessary commodities, and future studies may utilize saccharin
responses as a non-drug reinforcing control rather than food and
water. A final consideration is that the concurrent access to food and
water in the long-access rats may have potentiated the effect of
prazosin on heroin responding in the long-access rats. Buprenorphine
produced greater decreases in cocaine self-administration when rats
had concurrent access to food and water than in rats with no food or
water (Comer et al., 1996). However, prazosin reduced cocaine intake
in only long-access rats and not in short-access rats given no
concurrent access to food or water (Wee et al,, 2008), suggesting
again that prazosin selectively decreased heroin self-administration
independent of increases in food intake in the current study.
Determining whether separate o;-adrenergic brain circuits control
feeding and compulsive drug self-administration will be challenges
for future research.

In summary, these data provide evidence for a role of the
noradrenergic system in driving the increased heroin self-adminis-
tration observed in rats with extended access. The data presented
here, combined with previous studies, suggest that the oi;-adrenergic
receptor may be a key mediator of opioid dependence mechanisms
and that activation of noradrenergic systems may help drive elevated
opioid self-administration in dependence. Prazosin also may reverse
heroin-induced meal pattern changes and/or act on separate systems
that control feeding, thus showing some potential overlap of
noradrenergic mechanisms in stress, feeding, and compulsive drug
intake.
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