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Abstract
The administration of low dose opioid antagonists has been explored as a potential means of
detoxification in opiate dependence. Previous results from our laboratory have shown that concurrent
administration of low dose naltrexone in the drinking water of rats implanted with subcutaneous
morphine pellets attenuates behavioral and biochemical signs of withdrawal in brainstem
noradrenergic nuclei. Noradrenergic projections originating from the nucleus tractus solitarius (NTS)
and the locus coeruleus (LC) have previously been shown to be important neural substrates involved
in the somatic expression of opiate withdrawal. The hypothesis that low dose naltrexone treatment
attenuates noradrenergic hyperactivity typically associated with opiate withdrawal was examined in
the present study by assessing norepinephrine tissue content and norepinephrine efflux using in
vivo microdialysis coupled to high performance liquid chromatography (HPLC) with electrochemical
detection (ED). The frontal cortex (FC), amygdala, bed nucleus of the stria terminalis (BNST) and
cerebellum were analyzed for tissue content of norepinephrine following withdrawal in morphine
dependent rats. Naltrexone precipitated withdrawal elicited a significant decrease in tissue content
of norepinephrine in the BNST and amygdala. This decrease was significantly attenuated in the BNST
of rats that received low dose naltrexone pretreatment compared to controls. No significant difference
was observed in the other brain regions examined. In a separate group of rats, norepinephrine efflux
was assessed with in vivo microdialysis in the BNST or the FC of morphine dependent rats or placebo
treated rats subjected to naltrexone-precipitated withdrawal that received either naltrexone in their
drinking water (5 mg/L) or unadulterated water. Following baseline dialysate collection, withdrawal
was precipitated by injection of naltrexone and sample collection continued for an additional four
hours. At the end of the experiment, animals were transcardially perfused and the brains were
removed for verification of probe placement. Low dose naltrexone pre-treatment significantly
attenuated withdrawal-induced increases of extracellular norepinephrine in the BNST, with a smaller
effect in the FC. These findings suggest that alterations in norepinephrine release associated with
withdrawal may be attenuated in forebrain targets of noradrenergic brainstem neurons that may
underlie reduced behavioral signs of withdrawal following low dose naltrexone administration.
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INTRODUCTION
Since their first use in opiate detoxification over 30 years ago, the administration of opiate
antagonists (e.g. naloxone and naltrexone) during detoxification has varied either by
differences in interval of administration between agonist and antagonist, or by quantity of
antagonist administered (Kurland and McCabe, 1976; Mannelli et al., 2004). The closer the
antagonist is administered to opiate agonist exposure, the more acute the withdrawal syndrome.
Interestingly, the administration of small quantities of naltrexone or naloxone during opiate
exposure induces “anti-withdrawal” effects (Shen and Crain, 1997; Mannelli et al., 2004). A
better knowledge of the effect of opiate antagonists and their potential role during the
detoxification process may help improve the quality of existing treatments.

Our previous studies have demonstrated that concurrent administration of low dose naltrexone
in the drinking water of rats implanted with subcutaneous morphine pellets attenuates
behavioral signs of withdrawal and decreases the expression of c-Fos (used as an index of
cellular activation in autonomic brain areas (Sagar et al., 1988)) in the noradrenergic locus
coeruleus (LC) and nucleus of the solitary tract (NTS) (Mannelli et al., 2004). The LC and the
NTS, known to be hyperactive following withdrawal from opiates (Hayward et al., 1990;
Stornetta et al., 1993; Beckmann et al., 1995; Chieng et al., 1995; Georges et al., 2000; Mannelli
et al., 2004), have previously been shown to be important neural substrates involved in the
somatic expression of opiate withdrawal (Nestler et al., 1994; Aston-Jones et al., 1999;
Mannelli et al., 2004). In addition, immunoblot analysis of intracellular messengers, cyclic
adenosine monophosphate (cAMP)-dependent protein kinase (PKA) and cAMP-response
element-binding protein (CREB), demonstrated to be dramatically increased in noradrenergic
nuclei following opiate withdrawal (Guitart et al., 1992; Lane-Ladd et al., 1997), showed a
decrease in expression (primarily in the NTS) in rats that had received low doses of naltrexone
in their drinking water and that were subjected to pharmacological precipitation of opiate
withdrawal (Mannelli et al., 2004). Potential explanations of the efficacy of the naltrexone
treatment include the possibility that low antagonist dosing may act to facilitate enkephalin
release by blocking opioid presynaptic receptors (Ueda et al., 1994). Alternatively, low dose
naltrexone may antagonize excitatory opiate receptor functions and unmask the inhibitory
effects of opioids (Shen and Crain, 1997). We also reported increases in opioid receptor
expression (specifically of the mu subtype) in the NTS following antagonist treatment that may
contribute to the attenuation of behavioral expression of withdrawal following low dose
naltrexone treatment (Van Bockstaele, 2006). Increased expression of mu-opioid receptors
may result in increased tonic inhibition of noradrenergic neurons in the NTS that provide
noradrenergic innervation to forebrain targets resulting in decreased release of norepinephrine
in limbic and cortical targets (Van Bockstaele, 2006).

In the present study, the hypothesis that low dose naltrexone treatment in morphine dependent
rats attenuates forebrain noradrenergic hyperactivity usually associated with pharmacological
precipitation of withdrawal (Crawley et al., 1979; Swann et al., 1982; Grasing et al., 1997;
Fuentealba et al., 2000) was tested. First, we measured (from morphine dependent rats that
received low dose naltrexone or unadulterated water) tissue content of norepinephrine from
two forebrain regions that are targeted by brainstem noradrenergic nuclei: the bed nucleus of
the stria terminalis (BNST) that receives noradrenergic projections primarily from the NTS
(Dunn and Williams, 1995; Delfs et al., 2000) and the frontal cortex (FC) that receives afferents
primarily from the LC (Robbins, 1984; Aston-Jones, 1985). We also examined tissue samples
from the amygdala, a region that receives noradrenergic innervation from both the LC and NTS
(Robbins, 1984; Aston-Jones, 1985; Dunn and Williams, 1995; Delfs et al., 2000), and
cerebellum, which receives noradrenergic afferents solely from the LC. Subsequently,
norepinephrine efflux in the FC and BNST was assessed using high performance liquid
chromatography (HPLC) with electrochemical detection (ED).
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METHODS
Animals

Male, Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 225–250g at the start of
experiments were used for these studies. All procedures were approved by the Institutional
Animal Care and Use Committee at Thomas Jefferson University and are in compliance with
the guidelines of the National Institutes of Health.

Immunoperoxidase labeling of DβH
Tissue sections through the forebrain of one (n=1) rat were processed for the
immunocytochemical detection of the noradrenergic synthesizing enzyme, dopamine-beta-
hydroxylase (DβH). The rat was deeply anesthetized with an intraperitoneal injection of sodium
pentobarbital (60 mg/kg) and transcardially perfused with 200 ml of 4% paraformaldehyde in
0.1M phosphate buffer (pH=7.4). The brain was extracted, and thirty-micron-thick coronal
sections through the BNST were cut using a Vibratome and collected into chilled 0.1 M
phosphate buffer. Tissue sections were incubated in 1% sodium borohydride solution for 30
min and then rinsed in 0.1 M phosphate buffer and 0.1 M Tris–saline buffer (pH 7.6). Sections
were blocked in 0.5% bovine serum albumin in 0.1 M Tris-saline buffer for 30 min and rinsed
extensively in 0.1 M Tris-saline buffer. Tissue sections were incubated in a mouse anti-DβH
(1:1000) primary antibody made in 0.1 M Tris-saline buffer containing 0.1% bovine serum
albumin at room temperature overnight on a rotary shaker. Next, tissue sections were rinsed
in 0.1 M Tris-saline buffer and then incubated in biotinylated donkey anti-mouse IgG (Vector
Laboratories, Burlingame, CA; 1:200) made in 0.1 M Tris-saline buffer containing 0.1% bovine
serum albumin for 30 min. Tissue was rinsed in 0.1 M Tris-saline buffer, incubated in an avidin–
biotin complex solution (Vector Laboratories) for 30 min and then washed again in 0.1 M Tris-
saline buffer. A peroxidase color reaction was obtained by exposing the tissue sections to a
solution containing 22 mg of 3,3-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St.
Louis, MO) in a 0.1 M Tris-saline solution containing 0.05% hydrogen peroxide for 6 min.
Tissue was rinsed with 0.1 M Tris-saline buffer, followed by 0.1 M phosphate buffer. Sections
were mounted onto gelatin-coated microscope slides and the distribution of DβH containing
fibers within the BNST was photographed. The distribution of DβH fibers in this region was
compared to a rat brain atlas (Paxinos and Watson, 1986) and aided in the appropriate selection
of coordinates for microdialysis probe placement (data not shown).

Drug Treatment for Tissue Analysis and High Pressure Liquid Chromatography for
Microdialysis

For norepinephrine tissue analysis, fifteen rats were used. Ten rats were implanted
subcutaneously with two slow release morphine pellets each (75 mg morphine base; National
Institute on Drug Abuse). On Day 3, five of the ten rats received very low dose naltrexone in
their drinking water (5 mg/L). Control rats received placebo pellets (n = 5). Rats were
euthanized 45 minutes after naltrexone or saline administration on Day 8 and brains were
rapidly dissected on ice. Samples from the FC, BNST, amygdala and cerebellum were frozen
on dry ice for subsequent analysis. Tissue samples were homogenized in 0.1 N perchloric acid
with 100 μM ethylenediamine tetraacetic acid (EDTA) (15 μl/mg tissue) using an ultrasonic
processor. Samples were centrifuged at 15,000 rpm (23,143 g) for 15 min. The supernatant
was filtered through 0.45 μm nylon acrodisk syringe filters. Tissue samples were analyzed for
norepinephrine content using HPLC-ED.

Male rats were implanted subcutaneously with two slow release morphine pellets each (75 mg
each morphine base; National Institute on Drug Abuse). This dose induces morphine
dependence that is maintained for almost two weeks (Gold et al., 1994). Control rats received
placebo pellets. On Day 3, a subset of the morphine implanted rats received very low dose
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naltrexone in their drinking water (5 mg/L). The concentration of naltrexone in the drinking
water is based on an estimated water consumption of 22 ml/rat/day (Mannelli et al., 2004).
During the duration of the treatment, rats were monitored daily to verify that the dose of
naltrexone ingested did not elicit any overt signs of withdrawal or behavioral disruption.
Animals were maintained on a 12-hr light:dark cycle. To precipitate withdrawal, naltrexone
(100 mg/kg) was administered systemically. This dose was selected based on our previously
published studies (Mannelli et al., 2004).

The HPLC system consisted of an ESA solvent delivery system (ESA Inc., Chelmsford, MA)
and an MD 150 reverse phase narrowbore column (150 x 2 mm, 3 μm; ESA Inc., Chelmsford,
MA). The mobile phase consisted of 60 mM sodium phosphate buffer (pH = 4.2) with 100
μM EDTA, 1.5 mM sodium octyl-sulfate, and 3.5% (v.v) methanol. The flow rate through the
system was 300 μl/min. The detection system consisted of an ESA Coulochem III
electrochemical detector with a guard cell and a 5041 enhanced amperometric analytical cell
(ESA Inc., Chelmsford, MA) with a glassy carbon in ceramic target electrode in series. The
applied potential of the guard cell was −150 mV and the compounds of interest were quantified
at the target electrode set at +200 mV. Peak heights were measured and compared to the peak
heights of a 10−8 M standard calibrated daily. The detection limit, defined as the sample amount
producing a peak height that is twice the height of the background noise, was approximately
0.5 pg of norepinephrine. Absolute values of tissue concentrations of norepinephrine (pg/15
mg tissue) were compared between groups using one-way ANOVA.

Dialysis Probe Construction and Microdialysis
Vertical concentric microdialysis probes were used. A piece of fused silica (Polymicro
Technologies, Phoenix, AZ) was inserted through PE 10 tubing and semipermeable membrane
made from hollow rayon fibers with a 224 μm o.d. and 35,000 MW cutoff was fixed over the
fused silica and into the PE 10 tubing with epoxy. The open end of the dialysis fiber was sealed
with a 0.5 mm epoxy plug and 2 mm of the membrane was coated with epoxy leaving an active
area of 3 mm (FC) or 2 mm (BNST) for exchange across the membrane. The in vitro recovery
rate was determined by placing the probe in a beaker of artificial cerebrospinal fluid (aCSF:
174 mM NaCl, 1.7 mM CaCl2, 0.9 mM Mg Cl2, and 4 mM KCl) containing a known
concentration of norepinephrine standard. The concentration of norepinephrine in the dialysate
was compared to the amount in the bath. Probes that did not correspond to an acceptable range
of recovery (12–24%) were eliminated. Because the diffusion properties of neurochemicals in
brain tissue are likely different from in vivo conditions, reported dialysate values were not
corrected for recovery of the probe.

On Day 7, rats were anesthetized with isofluorane and placed in a stereotaxic apparatus with
the skull flat. A small burr hole was made in the skull centered at 3.2 mm anterior and ± 0.7
mm lateral to Bregma (FC) or −0.3 mm and ± 1.5 mm lateral (for BNST). The dura was removed
and the microdialysis probe was slowly lowered 5.0 mm from the brain surface into the
infralimbic and prelimbic areas of the FC or 7.2 mm for the BNST and secured with skull
screws and dental acrylic. The inlet of the probe was connected to a fluid swivel (Instech
Laboratories, Plymouth Meeting, PA) and the rat was placed into a cylindrical plexiglass
container covered with bedding and allowed to recover. Food and water were freely accessible.
ACSF was continuously perfused through the probe at a rate of 1.5 μl/min by a microliter
infusion pump (Harvard Pump ‘11’ VPF Dual Syringe, Harvard Apparatus, Holliston, MA).
Rats were allowed to recover overnight. Approximately 18 hours following surgery, dialysate
samples were collected every 20 minutes for 6 hours. An injection of naltrexone (100 mg/kg,
i.p.) was given after 6 baseline samples were collected. At the conclusion of the experiment,
rats were deeply anesthetized and 2% pontamine sky blue dye (Alfa Aesar, Ward Hill, MA)
was infused through the probe to mark its location. The rats were transcardially perfused with
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10% formalin (Fisher Scientific, Pittsburgh, PA), decapitated and the brains removed for
subsequent histological verification of probe placement. The data were not included in the
analysis if the placement was outside the infralimbic and prelimbic areas of the FC or in the
BNST.

Data Analysis
For analysis of tissue extracts, norepinephrine levels were compared between groups using a
one way analysis of variance (ANOVA). For microdialysis experiments, a 2x3x6 repeated
measures ANOVA crossing region, study condition, and time (i.e., the 6 pre-withdrawal
measures of norepinephrine) was conducted to establish the absence of any systematic pre-
intervention differences on basal levels of norepinephrine. The absence of any significant main
or interaction effects would allow for the computation of a single pre-intervention
norepinephrine level summary statistic (i.e., the mean) for each animal. To test the primary
hypothesis that the administration of low dose naltrexone prior to opiate withdrawal induction
would attenuate the levels of norepinephrine efflux differentially at specific brain regions (FC,
BNST) was tested via a 2x3 analysis of covariance that crossed region and study condition
while using the baseline measure as a covariate. The primary dependent measure for this
analysis was norepinephrine levels recorded twenty minutes post-withdrawal induction. While
a significant interaction term would be suggestive of an effect, planned contrasts were designed
to test norepinephrine efflux levels between study conditions at the FC and BNST regions. All
statistics were performed using JMP software (SAS Institute, Cary, NC).

RESULTS
Effect of low dose naltrexone on tissue norepinephrine levels following withdrawal

Norepinephrine tissue content was assessed in tissue extracts from four brain regions. These
included the amygdala, BNST, frontal cortex, and cerebellum. Withdrawal precipitated by
systemic injection of naltrexone (100 mg/kg) was associated with a reduction of tissue
norepinephrine in the amygdala (F[2,12] = 8.35; p < .01) and the BNST (F[2,12] = 4.24; p < .
05 one way ANOVA) with no significant change in the FC or cerebellum (Fig. 1). Pretreatment
with low dose naltrexone in the drinking water significantly attenuated the withdrawal-induced
decrease in the BNST but had no effect in the FC, cerebellum or amygdala.

Extracellular NE levels in the BNST and FC were monitored using in vivo microdialysis and
HPLC-ED

To better define the localization of noradrenergic fibers in the BNST to guide microdialysis
probe placement, tissue sections from one rat were processed for the immunocytochemical
identification of DβH in this region (data not shown). Immunoperoxidase labeling for DβH
revealed a circumscribed region of dense immunoreactivity ventral to the anterior commissure
corresponding to the level 0.26 mm posterior to Bregma (Paxinos and Watson, 1986). This is
the area of the ventral BNST known to contain the highest concentration of norepinephrine
(Kozicz and Arimura, 2000) and corresponds to the area that receives significant input from
the NTS (Dunn and Williams, 1995).

Extracellular NE levels in the BNST and FC were monitored using in vivo microdialysis and
HPLC-ED. Representative photomicrographs of microdialysis probe placements can be seen
for the BNST in Figure 2A and for the FC in Figure 3A. Two hours of baseline sample collection
were collected to determine basal extracellular norepinephrine efflux prior to naltrexone
injection (Fig. 2B, 3B arrow). Placebo treated rats received unadulterated water followed by a
saline injection (Fig. 2B, 3B; straight black line). Withdrawal was induced by a systemic
injection of naltrexone in rats that received either unadulterated water (Fig. 2B, 3B; circles) or
that received low doses of naltrexone in their drinking water (Fig. 2B, 3B; filled circles).
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Pre-Intervention Data
The presence of multiple pre-intervention, baseline data points led us to examine whether any
differences existed by treatment condition or region. A 2x3x6 repeated measures analysis of
variance crossing site (BNST/FC), intervention (control, morphine alone, morphine and low
dose naltrexone treatment) and time was conducted. No significant main or interaction effects
were observed. As a result, to ease the interpretability of the results, a single summary measure
(i.e., average) of pre-intervention levels of norepinephrine was computed for each study
participant.

Effect of Low Dose Naltrexone on Basal and Withdrawal-Induced Norepinephrine Efflux
Across Region: Peak Effect

To test the hypothesis that naltrexone induced opiate withdrawal preceded by treatment with
very low doses of naltrexone could attenuate norepinephrine efflux, a 2x3 analysis of
covariance, crossing treatment condition and site, using the baseline average as a covariate,
was conducted. For this analysis, norepinephrine efflux data 20 minutes post withdrawal
induction represented the primary outcome measure. While significant main effects of both
region, F (1, 31) = 12.40, p < .001 and study condition, F (2, 31) = 31.65, p < .001 were observed,
these effects were mediated by a significant site x condition interaction, F (2, 31) = 5.02, p < .
01. While the presence of this significant interaction term provides evidence of the
hypothesized differences in efflux levels by region and study condition, planned contrasts were
used to explicate the nature of the effect. These contrasts indicated a) that the differences in
norepinephrine efflux observed at the FC region did not differ significantly between the low
dose naltrexone treated and unadulterated water treated opiate addicted groups (95%
confidence intervals = −2.71 and 2.07, p = .79), and b) a trend for norepinephrine efflux to be
significantly attenuated with low dose naltrexone treatment at the BNST region (95%
confidence intervals = −.422 and .31, p = .08).

Effect of Low Dose Naltrexone on Basal and Withdrawal-Induced Norepinephrine Efflux
Across Region: Area Under the Curve

To further examine whether naltrexone induced opiate withdrawal preceded by treatment with
very low doses of naltrexone could attenuate norepinephrine efflux, two measures of AUC data
were analyzed via a 2x3 analysis of variance again crossing treatment condition and site. In
the first analysis, AUC data were computed for the 5 assessments most proximal to the
administration of naltrexone (Times 140, 160, 180, 200, 220). A similar pattern of main effects
as observed for the peak effect data were noted (study condition, p < .01, location, p < .05.)
While the interaction failed to reach conventional standards of significance, F (2, 31) = 2.61,
p = .09, an examination of the means yielded a similar pattern of results. The exploratory nature
of this study led us to further decompose this interaction. Results indicated that norepinephrine
efflux in the first 100 minutes post-withdrawal induction was significantly attenuated at the
BNST (95% confidence intervals = −864.46 and −133.42, p < .05.) This effect was not noted
at the FC site (95 CI = −654.28 and 115.11, p > .05.)

DISCUSSION
The present findings build upon our previously published results (Mannelli et al., 2004; Van
Bockstaele, 2006) as well as that of others (Crain and Shen, 1995; Shen and Crain, 1997) that
show that morphine dependent rats that receive low doses of naltrexone in their drinking water
exhibit attenuated withdrawal behaviors (e.g. decreased wet dog shakes, teeth chatters, digging,
lacrimation and diarrhea) following pharmacological precipitation of withdrawal. Here, we
provide neurochemical data showing that withdrawal-induced increases in norepinephrine
efflux are attenuated in forebrain sites following pre-treatment with low doses of naltrexone.
This attenuation of forebrain norepinephrine release may explain, in part, the efficacy of the
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low dose naltrexone treatment in ameliorating withdrawal symptomatology in opiate
dependent rats.

The drug administration used in the present study was designed to maintain the animal’s natural
environment and routine habits. Previous studies have shown that oral administration of
naltrexone results in more effective analgesia and dependence-reducing effects as compared
to the subcutaneous mode of drug administration (Shen and Crain, 1997). We modeled our
drug delivery in rats following a clinical report of the accidental ingestion of an opiate
antagonist by an active human opioid abuser (Mannelli et al., 1999). In the case of a methadone
maintained patient, 50 mg naltrexone induced acute withdrawal requiring hospital admission.
After approximately 47 hours of deep sedation, the patient became quite comfortable and
exhibited no further signs of spontaneous or repeatedly induced withdrawal, up to 75 hours
from the accident (Mannelli et al., 1999). Nevertheless, naltrexone, whose half-life for receptor
occupation is about 70 hours, and methadone, as detected by urinalyses, were still present in
the patient’s body. The total absence of symptoms upon additional acute administration of
opiate antagonists (1.2 mg naloxone tests were repeatedly performed in the presence of the
agonist) indicated that the findings could not be readily explained by competitive antagonism
of the mu-opioid receptor. As described in our previous studies (Mannelli et al., 2004; Van
Bockstaele, 2006), naltrexone administration in the drinking water did not cause any
withdrawal symptoms or change in food or water consumption compared to control animals.
Furthermore, as described here, no changes in baseline norepinephrine efflux were observed
in any brain region analyzed during the naltrexone pre-treatment. Finally, our results are not
likely explained on the basis of competitive antagonism of the mu-opioid receptor as
withdrawal responses could be elicited every time full blocking quantities of antagonist were
administered during low dose naltrexone exposure indicating that dependence had occurred
during the pre-treatment period (Zimmerman and Leander, 1990) (Shen and Crain, 1997).

It is widely accepted that noradrenergic neurons of the LC and NTS are involved in mediating
somatic signs of the opiate withdrawal syndrome (Gold et al., 1981; Kantak and Miczek,
1988; Hayward et al., 1990; Koob et al., 1992; Stornetta et al., 1993; Nestler et al., 1994;
Beckmann et al., 1995; Chieng et al., 1995; Aston-Jones et al., 1999; Georges et al., 2000;
Mannelli et al., 2004). Opiate dependent rats show a marked increase in the discharge rates of
LC neurons during antagonist-induced withdrawal (Rasmussen et al., 1990) which correlates
with the behavioral expression of the opiate withdrawal syndrome (Grant et al., 1988; Akaoka
and Aston-Jones, 1991; Guitart et al., 1993; Aghajanian et al., 1994; Kogan and Aghajanian,
1995; Maldonado et al., 1995; Rasmussen, 1995; Dossin et al., 1996; Krystal et al., 1996;
Rasmussen et al., 1996; Aston-Jones et al., 1997; Javelle et al., 1997). Biochemical studies
have shown increases in numerous intracellular messengers during early stages of withdrawal
in both regions (Duman et al., 1988; Nestler et al., 1989; Hayward et al., 1990; Rasmussen et
al., 1990; Guitart et al., 1992; Kogan et al., 1992; Guitart and Nestler, 1993; Stornetta et al.,
1993; Nestler et al., 1994; Koob and Nestler, 1997; Lane-Ladd et al., 1997). Increased cAMP
activity and downstream effectors have been widely related to opiate withdrawal adaptations
(for a review see (Nestler, 2001) and a reduction in intracellular messengers that are part of
the cAMP pathway was previously shown in morphine dependent rats pretreated with low dose
naltrexone in both the LC and NTS (Mannelli et al., 2004). The LC and NTS provide the major
source of noradrenergic afferents to the forebrain with the LC using the dorsal noradrenergic
bundle to target cortical areas and the NTS using the ventral noradrenergic bundle to target
limbic regions (Robbins, 1984; Aston-Jones, 1985; Dunn and Williams, 1995; Aston-Jones et
al., 1999; Delfs et al., 2000).

The present results indicate that administration of low dose naltrexone significantly attenuates
increases in norepinephrine efflux in the BNST, a region that typically exhibits a dramatic
increase in norepinephrine efflux following pharmacological precipitation of opiate
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withdrawal (Funada et al., 1994; Aston-Jones et al., 1999; Fuentealba et al., 2000). The
attenuation of norepinephrine release in the BNST may explain, in part, the efficacy of the low
dose naltrexone treatment in ameliorating withdrawal symptomatology in opiate dependent
rats as many of the observed withdrawal symptoms are consistent with projections of
noradrenergic neurons of the NTS to limbic forebrain areas (Funada et al., 1994; Aston-Jones
et al., 1999; Fuentealba et al., 2000). A potential explanation for the attenuation of
norepinephrine efflux in the BNST of morphine dependent animals following low dose
naltrexone pretreatment is that low antagonist dosing may modulate presynaptic opioid
receptors in this region resulting in alterations in norepinephrine release as suggested for spinal
circuitry (Ueda et al., 1994). Alternatively, we hypothesized that increases in opioid receptor
expression (specifically of the mu subtype) in the NTS could potentially contribute to the
attenuation of behavioral expression of withdrawal following low dose naltrexone treatment
by providing a greater tonic inhibition of these noradrenergic neurons resulting in decreased
norepinephrine release in forebrain targets (Van Bockstaele, 2006). This would be consistent
with reported modifications of mu-opioid receptor expression induced by naltrexone in non-
dependent animals (Unterwald et al., 1998). Further mechanistic studies are required to address
the cellular mechanisms underlying the observed decreases in norepinephrine efflux following
low dose naltrexone pretreatment.

Tissue levels of norepinephrine were significantly decreased in morphine dependent rats after
naltrexone precipitated withdrawal in the amygdala and BNST but not in the cerebellum or
frontal cortex. Tissue analysis is an indirect measure of neurotransmitter release so less
norepinephrine in tissue levels correlates with a greater amount of released transmitter. The
observed decrease in tissue norepinephrine levels in the BNST and amygdala following
pharmacological precipitation of withdrawal is indicative of an increase in norepinephrine
release, a result that is consistent with data of others (Funada et al., 1994) and with our
microdialysis data. Our data suggest that norepinephrine levels in the amygdala follow a similar
pattern as the BNST following morphine treatment and induction of opiate withdrawal although
we did not conduct microdialysis experiments there. However, the effect of low-dose
naltrexone pre-treatment shows a differential effect in the amygdala vs BNST. Pre-treatment
with low dose naltrexone only attenuated the decrease in norepinephrine tissue levels in the
BNST. This may be related to the lower levels of norepinephrine present in the amygdala that
may compromise adequate detection of small fluctuations in neurotransmitter release.
Alternatively, effects of pre-treatment with low doses of naltrexone may be more complex and
target noradrenergic circuits to the amygdala differently than pathways projecting to the BNST.
This may be due in part to the fact that the amygdala receives noradrenergic afferents from
both the LC and the NTS (Robbins, 1984; Aston-Jones, 1985; Dunn and Williams, 1995; Delfs
et al., 2000) so this may account for the shared effect on norepinephrine efflux following
precipitated withdrawal but also explain the differential response to low dose pre-treatment.

The presence of an attenuation by low dose naltrexone treatment on norepinephrine efflux in
the FC in the microdialysis study but no effect in tissue analysis may arise from the fact that
levels of norepinephrine are lower in this brain region as compared to the BNST which exhibits
one of the highest concentrations or norepinephrine in the forebrain. The lack of a significant
reduction in tissue norepinephrine reflects a lack of a major effect in terms of norepinephrine
available for release. The tissue analysis data suggest that a similar amount of norepinephrine
is available in all treatment conditions at the time of sampling. For the microdialysis
experiments, a modest attenuation of norepinephrine efflux in this region following low dose
naltrexone pre-treatment could contribute to the reduction of selected withdrawal symptoms
(Mannelli et al., 2004). Some behaviors such as locomotor symptoms (rearing, freezing,
jumping) are attributed to LC efferent projections to the forebrain (Maldonado and Koob,
1993). Future studies examining activity of the norepinephrine transporter in the frontal cortex
under the different experimental conditions may shed light (and possibly provide better
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resolution) of adaptations in the coeruleo-cortical circuit following low dose naltrexone pre-
treatment.

Clinically, the effect of low dose antagonist treatment on noradrenergic forebrain targets may
parallel the efficacy of medications that regulate noradrenaline release in controlling opioid
withdrawal (e.g. clonidine) without confounding side effects. Thus, chronic low dose
naltrexone may help regulate sensitive regions of the opioid dependent brain. How this could
influence other aspects of the addictive behavior (drug seeking, relapse, craving) remains to
be explored. In summary, the present study has important implications for clinical
detoxification approaches and for the understanding of adaptations in neural circuits underlying
the actions of opiate antagonists and their interaction with agonist drugs.
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Abbreviations
ABC  

avidin–biotin complex solution

aCSF  
artificial cerebrospinal fluid

ANOVA  
analysis of variance

AUC  
area under the curve

BNST  
bed nucleus of the stria terminalis

BSA  
bovine serum albumin

cAMP  
cyclic adenosine monophosphate

CREB  
cAMP-response element-binding protein

DAB  
3,3-diaminobenzidine tetrahydrochloride

DβH  
dopamine-beta-hydroxylase

ED  
electrochemical detection

EDTA  
ethylenediamine tetraacetic acid

FC  
frontal cortex
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HPLC  
high performance liquid chromatography

LC  
locus coeruleus

NTS  
nucleus tractus solitarius

PB  
phosphate buffer

PKA  
protein kinase

TS  
Tris–saline buffer
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Figure 1.
Tissue levels of norepinephrine were significantly decreased in morphine-dependent rats after
naltrexone-precipitated withdrawal in the amygdala and BNST only. (One-way ANOVA, **p
< .01, *p < .05; n = 5 for each group). Pretreatment with low dose naltrexone in the drinking
water attenuated the decrease only in the BNST (one-way ANOVA, #p < .05, compared to
unadulterated water). Abbreviations: FC: frontal cortex; Amyg: amygdala; CB: cerebellum.
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Figure 2.
A. Brightfield photomicrograph of a neutral red labeled tissue section showing a representative
trajectory (arrows) of a microdialysis probe placement within the ventral BNST. The region
targeted for probe placement corresponds to 0.26 mm posterior to Bregma from the rat brain
atlas of Paxinos and Watson (Paxinos and Watson, 1986). B. Absolute values of extracellular
norepinephrine (pg/15 μl sample) are reported over a four hour period in the BNST. Arrow
indicates timepoint of naltrexone administration. Abbreviations: D = dorsal, M = medial; cc =
corpus callosum, LV = lateral ventricle, CPu = caudate putamen.
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Figure 3.
A. Brightfield photomicrograph of a neutral red labeled tissue section showing the trajectory
of the microdialysis probe into the FC. B. Absolute values of extracellular norepinephrine (pg/
15 μl sample) are reported over a four hour period in the FC. Arrow indicates timepoint of
naltrexone administration. Abbreviations: D = dorsal, M = medial, cc = corpus callosum, LV
= lateral ventricle, CPu = caudate putamen.
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TABLE 2
Norepinephrine extracellular levels AUC
Two-way analysis of variance on the complete AUC data revealed a single main effect of study condition, F (2, 31) =
32.97, p < .01. Examination of the means suggested that pre-treatment with low dose naltrexone significantly reduced
norepinephrine efflux independent of location. No other effects were noted for this measure most likely the result of
the effects’ decay over time and the accumulated variance associated with this decay.

NE (pg/15 μl sample)

Bed Nucleus of the Stria Terminalis Frontal Cortex

Treatment Naltrexone n Naltrexone n

Placebo/Water/Saline 531.40±144.21 8 581.04±160.42 5

Morphine/Water/Naltrexone 1946.85±578.76 7 1400.83±396.42 5

Morphine/Naltrexone
Water/Naltrexone

1447.91±267.38 6 1131.25±118.76 7
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