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Abstract
Background—ΔFosB is the best characterized transcription factor induced by chronic
stimulation. Although previous studies have demonstrated that chronic passive ethanol exposure
alters ΔFosB immunoreactivity (IR), the effect of chronic voluntary ethanol consumption on
ΔFosB remains unknown. Furthermore, although previous studies have demonstrated that the
opioid antagonist naltrexone reduces alcohol consumption in clinical and pre-clinical settings, the
effect of naltrexone on FosB/ΔFosB has not been explored. Here we examined the effects of
chronic voluntary ethanol intake and naltrexone on FosB/ΔFosB IR in striatal region and
prefrontal cortex, and the effect of naltrexone on voluntary ethanol intake.

Methods—We utilized immunohistochemistry to define the changes in FosB/ΔFosB IR induced
by chronic voluntary ethanol intake under a two-bottle intermittent access of 20% ethanol model
and by systematic administration (intraperitoneal injection) of naltrexone in Sprague-Dawley rats.

Results—Chronic (15 drinking sessions in 35 days) voluntary ethanol intake robustly induces
FosB/ΔFosB IR in nucleus accumbens core, dorsolateral striatum and orbitofrontal cortex, but not
in nucleus accumbens shell, dorsomedial striatum and medial prefrontal cortex. Systemic
administration of naltrexone for six days significantly reduced voluntary ethanol consumption and
FosB/ΔFosB IR induced by chronic voluntary ethanol intake.

Conclusion—Our results suggest that chronic voluntary ethanol intake induces FosB/ΔFosB IR
in a sub-region-specific manner and which involves activation of endogenous opioid system.
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Introduction
Repeated exposures to abused drugs can cause several neuroadaptations in the
mesocorticolimbic dopaminergic system. One such adaptation is the altered expression of
transcription factors, which give rise to changes in gene expression and may lead to
alterations in sensitivity to drugs of abuse (Kelz et al., 1999; Nestler et al., 2001; McClung
et al., 2004). Regulation of gene expression is one of the mechanisms by which drugs of
abuse can induce relatively long-lasting changes in the brain to cause a state of addiction. In
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particular, two transcription factors - ΔFosB and CREB (cAMP responsive element binding
protein) have been implicated in addiction-related neural plasticity. Repeated exposures to
drugs of abuse can lead to an increase in ΔFosB levels - an effect that persists for a relatively
long time after the cessation of drug treatment (Hope et al., 1994; Nestler et al., 2001).
ΔFosB is a protein formed by truncation of the C-terminal region of FosB protein
(Nakabeppu and Nathans, 1991). Upon induction, ΔFosB heterodimerizes with Jun family
proteins (Gentz et al., 1989; Nakabeppu and Nathans, 1991). ΔFosB subsequently forms an
activator protein-1 binding complex, which can alter expression of other genes such as those
encoding the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subunit of
glutamate receptor, dynorphin and cyclin-dependent kinase-5 (Cdk5) (Chen et al., 1997;
Kelz et al., 1999; Bibb et al., 2001). Therefore, drugs of abuse can produce long-term
changes in brain neurochemistry through activation of these target genes by ΔFosB.

Despite this evidence, important questions remain unanswered. Although it is well
documented that chronic exposure to abused drugs including alcohol increases ΔFosB
expression in several areas of the mesocorticolimbic system of rat brains (Atkins et al.,
1999; Ehrlich et al., 2002; McDaid et al., 2006b; Muller and Unterwald, 2005; Nye and
Nestler, 1996; Pich et al., 1997; Perrotti et al., 2008; Zachariou et al., 2006, Perrotti et al.,
2008), it still remains unknown whether chronic voluntary alcohol consumption can alter
ΔFosB. Even though it has been shown previously that the opioid receptor antagonist
naltrexone significantly reduces alcohol consumption in many studies in human and
experimental animals (Bienkowski et al., 1999; Cichelli and Lewis, 2002; O'Malley et al.,
2002; Coonfield et al., 2004; Stromberg et al., 2004; Zalewska-Kaszubska et al., 2008),
study on the possible participation of opioid receptors in ΔFosB accumulation associated
with drugs of abuse is lacking (Marttila et al., 2007, Kaste et al., 2009). Therefore, we
conducted the current study to determine: 1) whether chronic voluntary alcohol consumption
can alter FosB/ΔFosB, and 2) whether naltrexone induced reduction of alcohol consumption
is associated with changes in FosB/ΔFosB.

Materials and Methods
All experiments were performed in accordance with the guidelines of the National Institutes
of Health for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the University of Medicine and Dentistry
of New Jersey, Newark, New Jersey.

Animals and Housing
Adult Sprague-Dawley (S-D) rats (n = 24, 250–350 g, at the start of the experiments,
Taconic Farm, NY) were individually housed in ventilated Plexiglas cages. All rats were
housed in a climate-controlled room (20–22°C). Rats were kept on a 12-h light/dark cycle
(lights off at 5 p.m.). Food and water were available ad libitum.

Intermittent access to 20% ethanol using a two-bottle-choice drinking procedure
After acclimating to the homecage environment for 1 week, animals in ethanol-drinking
groups were trained for self-administration of ethanol under a 2-bottle intermittent paradigm
as described previously (Simms et al., 2008; Stuber et al., 2008). Briefly, animals had 24-
hour concurrent access to two bottles, one with 20% ethanol (v/v) and another with water
only starting on Monday afternoon. After 24 hours, the ethanol bottle was replaced with a
second water bottle that was available for the next 24 hours. This pattern was repeated on
Wednesdays and Fridays. On all other days the rats had unlimited access to two bottles of
water. In each ethanol drinking session, the placement of the ethanol bottle was alternated to
control for side preferences. The amount of ethanol or water consumed was determined by
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weighing the bottles before access and after 24 hours of access. Ethanol consumption was
determined by calculating grams of alcohol consumed per kilogram of body weight. A bottle
containing water in a cage without rats was used to evaluate the spillage due to the
experimental manipulations during the test sessions. The spillage was always < 1.0 ml (<
2.5% of the total fluid intake). Animals in the control group were allowed to access to water
and food without limitation. There were no significant differences in body weight between
the control and the ethanol-drinking rats at the end of the experiments.

Naltrexone treatment
In this series of experiments, rats (n = 12) were first trained to drink ethanol voluntarily as
described above. After 15 ethanol-drinking sessions, rats were randomly divided into two
groups (n = 6 for each): one received naltrexone (2.0 mg/kg, i.p.) and the other received
vehicle (saline, i.p.) respectively, for 6 consecutive days (Monday through Saturday).
During the treatment days, rats had three ethanol-drinking sessions (day 1, Monday; day 3,
Wednesday; and day 5, Friday). The amount of ethanol or water consumed was determined
by weighing the bottles before access, after 30 min of access, and after 24 hours of access.
We used 2.0 mg/kg naltrexone based on previous report showing that at this dose naltrexone
effectively decreased ethanol consumption in rodents (Zalewska-Kazubska, et al., 2008).
Naltrexone was dissolved in saline (1 ml/kg) immediately before each injection, and
administered (i.p.) 30 min before ethanol and water bottles were presented.

Immunohistochemistry
Rats were sacrificed at 18 hours after the last drinking session. We choose this assay time
point based on previous studies showing that 18–24 h after stimulus, the full-length FosB
was degraded leaving the stable ΔFosB as the only FosB gene product (Chen et al., 1997;
Perrotti et al., 2008; Ulery et al., 2006; Chen et al., 1995; Hope et al., 1994). Rats were
overdosed with pentobarbital (i.p.) and transcardially perfused with cold-buffered saline
followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. The brains
were removed and then transferred to a solution containing 20% sucrose in 4%
paraformaldehyde overnight at 4°C for cryoprotection. Coronal sections (30 µm) were cut
on a freezing microtome (Microm HM550, Walldorf, German) and then processed for
immunohistochemistry. Brain sections were first treated with 0.3% hydrogen peroxide
solution to inhibit endogenous peroxidase activity and then incubated for 30 min in a
solution containing 0.3% Triton X-100 and 3% normal goat serum to minimize non-specific
labeling. Then, the tissue sections were incubated in a solution containing 1% normal goat
serum, 0.3% Triton-100 and pan-FosB antibody (1:3000, #sc-48; Santa Cruz Biotechnology,
Santa Cruz, California) overnight, at 4 °C.

On the following day, sections were washed and placed for 40 min in a solution of
biotinylated anti-rabbit antibody (1:200, Vector Laboratories, Burlingame, CA), again
washed and placed for 40 min in 1:200 dilution of avidin–biotin complex from the ABC kit
(Vector Laboratories, Burlingame, CA). After the final wash, antibody labeling was
visualized with diaminobenzidine solution (Vector Laboratories, Burlingame, CA).Coded
slides were used to count the number of FosB-immunoreactive cells. The code was not
broken until analysis of an individual experiment was complete.

The total number of FosB/ΔFosB immunostaining was counted in several regions of interest,
namely the medial prefrontal cortex (mPFC), orbitofrontal cortex (OFC), NAc (core and
shell), dorsolateral striatum (DLS) and dorsomedial striatum (DMS, Figure 1). These brain
regions were identified based on the Atlas of Paxinos and Watson (2005). The analysis was
quantified using a computerized image-analysis system including Nikon DS-Ri1 digital
camera, Nikon Eclipse 80i microscope, and a computer with a NIS-Elements BR 3.0
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software. Images were captured using Nikon (DS-Ri1) camera under identical and calibrated
exposure conditions. Two dimensional counts of labeled nuclei from each image [200×
images (0.1 mm2 area) of FosB/ΔFosB-like immunoreactive nuclei within brain regions of
interest] were determined without knowledge of treatment condition from three separate
sections per animal using NIS-Elements BR 3.0 software.

Statistical Analyses
All data are expressed as mean ± SEM (standard error of the mean). Behavioral data were
analyzed with the factors of treatment (saline or naltrexone) and days [baseline (0 day), day
1, 3, 5). Student-Newman-Keuls post hoc analysis was conducted using contrast analysis
when day × treatment interaction was P < 0.05. Immunohistochemical results were analyzed
using the Student’s t test.

RESULTS
Voluntary ethanol consumption increases FosB/ΔFosB-protein immunoreactivity in
selective subregions of the rat brain

Given the dramatic induction of ΔFosB in rodent brain in response to chronic passive
ethanol exposure (Perrotti et al., 2008), we were interested in determining the ability of
voluntary ethanol consumption to induce ΔFosB in the brain. In this series of experiments,
after acclimating to the homecage environment for 1 week, rats (n = 12) were divided into a
control and an experimental group with matching body weights (control group: 276 ± 21 g,
ethanol group: 279 ± 15 g, P = 0.93). In the experimental group, rats were trained for self-
administration of 20% ethanol using the intermittent-access two-bottle choice drinking
paradigm, as described in the Method section. One-way ANOVA analysis revealed that S-D
rats under this drinking paradigm significantly escalated their ethanol intake over 2–3
drinking sessions (P < 0.001). This is in general agreement with previous reports in Long-
Evans and Wistar rats (Simms et al., 2008; Stuber et al., 2008). Post hoc analysis revealed
that the mean ethanol intake was significantly higher after the fourth drinking sessions than
that in the first drinking session (2.82 ± 0.40 g ethanol/kg body weight/24 h). Following the
fourth drinking session, there was no difference in the ethanol intake between any of the
subsequent drinking sessions. That is, the rats had reached a stable consumption level of
5.63 ± 0.30 g ethanol/kg body weight/24 h. Ethanol consumption was terminated after 35
days (15 sessions) of ethanol-drinking. At 18 h after the last self-administration bout, rats
were sacrificed and levels of FosB/ΔFosB protein were quantified by immunohistochemistry
with a focus on striatal region and prefrontal cortex (Fig. 1), brain regions implicated in drug
reward and addiction.

Chronic voluntary ethanol intakes significantly increased FosB/ΔFosB IR in the NAc core (t
= −3.48, P = 0.002, Student’s t test, compared to ethanol-naïve rats; Fig. 2Aa, 2Ab), and in
the dorsolateral striatum (DLS) (t = −4.79, P < 0.001, Fig. 2Ac, 2Ad). In the NAc core, the
number of ΔFosB-like reactive nuclei was 346 ± 17 in ethanol naïve rats and 434 ± 18 in
ethanol-drinking rats, respectively. In the DLS, it was 233 ± 17 in ethanol naïve rats and 326
± 11 in ethanol-drinking rats, respectively (Fig. 2B). However, no such change was found in
the NAc shell (t = −0.41, P = 0.68, Fig. 2Ae, 2Af), and in the dorsomedial striatum (DMS)
(t = −0.52, P = 0.61, Fig. 2Ag, 2Ah). In the NAc shell, the number of FosB-like reactive
nuclei was 356 ± 20 in ethanol naïve rats and 369 ± 25 in ethanol-drinking rats. In the DMS,
it was 339 ± 18 in ethanol naïve rats and 355 ± 22 in ethanol-drinking rats, respectively (Fig.
2B).

The prefrontal cortex is responsible for the organization of behavior. Disruptions in the
prefrontal cortex network activity can lead to the loss of control over behavior, contributing
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to the impulsive and habitual behaviors associated with drug addiction including ethanol
abuse. Therefore, beyond the striatal complex, we also compared FosB/ΔFosB expression in
the ventral orbitofrontal cortex (OFC) and the medial prefrontal cortex (mPFC). Chronic
voluntary ethanol intakes significantly increased the number of FosB/ΔFosB positive nuclei
in the OFC (Fig. 3Aa, 3Ab) from 204 ± 20 in ethanol-naïve rats to 280 ± 22 (Student’s t test,
t = −2.6, P = 0.019, Fig. 3B). Conversely, the numbers of FosB/ΔFosB positive nuclei in the
mPFC in ethanol-naïve rats (371 ± 13) is similar to that (329 ± 21) in ethanol-drinking rats (t
= 1.7, P = 0.11).

Naltrexone treatment reduces voluntary ethanol intake and blocks ethanol-induced up-
regulation of FosB/ΔFosB in the striatal region and OFC

We next examined the effect of naltrexone. In this series of experiments, rats (n = 12) were
first trained for self-administration of ethanol using the intermittent two-bottle drinking
paradigm, as described in the Method section. After 35 days (15 sessions) of self-
administration of ethanol, rats were divided into two groups: One group (n = 6) received
naltrexone (2 mg/kg, i.p.), and the other (n = 6) received vehicle (saline, 1 ml/kg, i.p.), 30
min before the start of the ethanol self-administration session, once per day for 6
consecutive days. The ethanol consumed was measured on days 1, 3, and 5. There was not
significant difference regarding their baseline ethanol drinking levels (saline group: 5.62 ±
0.42 g ethanol/kg body weight/24 h, naltrexone group: 5.39 ± 0.45 g ethanol/kg body
weight/24 h, P = 0.67; Fig. 4 B).

Naltrexone but not vehicle treatment reduced ethanol intake in rats on all the ethanol-
drinking days (1, 3, and 5). The two-way ANOVA analysis revealed a significant group
effect on ethanol consumption at all points (30 min: F1, 46 = 25.34, P < 0.001, Fig. 4A; 24 h:
F1, 46 = 18.95, P < 0.001, Fig. 4C), two-way interaction effect for group × day at all points
(30 min: F3, 46 = 2.98, P = 0.046; 24 h: F3, 46 = 2.97, P = 0.049) and day effect (F3,46= 7.9,
P < 0.001) at 24 h, but no day effect (F3,46= 2.79, P = 0.056) at 30 min. The main effect of
group together with the effect of a group × day interaction revealed that naltrexone
decreased ethanol consumption at 30 min (Fig. 4A) and 24 h (Fig. 4C) in all drinking
sessions during the naltrexone treatment period. The persistent naltrexone-induced reduction
in ethanol intake shown in days 1, 3 and 5, indicates the lack of tolerance to naltrexone. Post
hoc analysis comparing treatment factors also revealed that the amount of ethanol consumed
by naltrexone-treated rats was significant less than that by saline-treated rats at 30 min point
on day 1, 3 and 5, and at 24 h point on day 1 and 5. Conversely, in the vehicle-treated group,
ethanol consumption did not significantly change at all time points (30 min: Fig. 4A; 24 h:
Fig. 4C). Naltrexone treatment did not decrease the total fluid intake at 24-h time point in
any of the drinking days (F1, 46 =0.49, P = 0.49, Table 1), although it significantly decreased
water and total fluid intake at 30-min time point (water: F1, 46 = 4.55, P = 0.046; total fluid:
F1, 46 =24.14, P < 0.001, Table 1). Furthermore, naltrexone-induced reduction in the
proportion of ethanol over the total fluid consumed was not significant (30 min: F1, 46 =
0.47, P = 0.49; 24 h: F1, 46 = 3.17, P = 0.08, Fig. 4B, 4D).

Remarkably, S-D rats consumed large quantities of ethanol in the first 30 min of ethanol
access, reached a baseline level of 1.83 ± 0.016 g/kg/30 min, which is a significant portion
of ethanol intake in 24 h. That is in just 2.1% of 24 h (30 min is 2.1% of 24 h), ~32% of 24 h
ethanol intake was drunk. Our finding is consistent with a recent report showing that Long-
Evens rats consumed large quantities of ethanol very rapidly (1.39 ± 0.11 g/kg) in the first
30 min of the session, which corresponded to ~25% of the total ethanol consumed within 24
h (Carnicella et al., 2009). These data suggest that rats become more inclined to ethanol
drinking as soon as it’s available, and then slowly steers away from it.
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At the end of above consumption experiment, and at 18 h after the last self-administration
bout, these rats were sacrificed and effects of naltrexone on FosB/ΔFosB induced by
voluntary ethanol intake were examined. Naltrexone treatments dramatically decreased
FosB/ΔFosB IR in the NAc core [t = 3.99, P = 0.002, Fig. 5 Aa, 5 Ab], NAc shell [t = 3.22,
P = 0.007, Fig. 5 Ac, 5 Ad], DLS [t = 4.17, P < 0.001, Fig. 5 Ae, 5 Af], DMS [t = 2.92, P =
0.01, Fig. 5 Ag, 5 Ah] and OFC [t = 4.07, P < 0.001, Fig. 5 Ai, 5 Aj]. However, naltrexone
did not significantly change the levels of FosB/ΔFosB IR in the mPFC [t = 0.42, P > 0.05,
Fig. 5 Ak, 5 Al].

DISCUSSION
We reported here that chronic voluntary ethanol intake robustly induces FosB/ΔFosB IR in
NAc core, dorsolateral striatum (DLS) and orbitofrontal cortex (OFC), but not in NAc shell,
dorsomedial striatum (DMS) and medial prefrontal cortex (mPFC) of S-D rats. This is
somewhat different from a previous study showing that passive ethanol exposure induced
high levels of ΔFosB IR broadly within striatal complex and mPFC (Perrotti et al., 2008).
This difference indicates that the pathways activated by voluntary drinking of ethanol are
different from those activated by forced exposure. In support of this notion, a previous study
has suggested that some structures activated by involuntary alcoho1 administration can be
affected by the stress of this procedure and not by the pharmacological effect of the drug
itself (Ryabinin et al., 1999).

NAc core may contribute to conditioned stimulus-supported drug-seeking behavior (Everitt
and Robbins, 2005). Likewise, dorsal striatum may contribute to the compulsive or habit-
like nature of drug consumption (Vanderschuren et al., 2005). The lateral and medial parts
of dorsal striatum have distinct anatomical inputs and outputs and therefore different
functions (Voorn et al., 2004). For instance, endogenous brain-derived neurotrophic factor in
DLS but not in DMS controls voluntary ethanol intake (Jeanblanc et al., 2009). In line with
these findings, we demonstrated that voluntary ethanol intake induced pronounced
accumulation of FosB/ΔFosB IR in NAc core and DLS, but not in NAc shell and DMS. Our
results provide further support to the notion that the induction of ΔFosB IR in related brain
regions is a common chronic adaptation to virtually all drugs of abuse (McClung et al.,
2004).

OFC is a key brain region implicated in regulating goal-directed behavior and impulsivity
(Krawczyk, 2002). Abstinent cocaine users show hypofunction within OFC (Volkow and
Fowler, 2000), and ΔFosB levels in OFC induced by self-administration of cocaine are
several-fold higher than that by yoked cocaine administration (Winstanley et al., 2007). In
keeping with their findings, current study showed that voluntary ethanol intake induced
FosB/ΔFosB IR in OFC.

Notably, the numbers of FosB/ΔFosB positive cells in this study are significantly lower than
the levels reported in a previous study (Perrotti et al. 2008). The difference might be resulted
mainly from the different methods used by these investigators and us in calculating positive
particles. Interestingly, despite the huge difference in number, the levels of FosB/ΔFosB
positive cells in our study were similar to that presented by these investigators. Furthermore,
a recent study using a method similar to ours reported that FosB/ΔFosB positive nuclei in
NAc core of AA rats are ~150 (Kaste et al., 2009). It is worthy mentioned that the levels of
FosB/ΔFosB positive nuclei in NAc core in ethanol experienced animals are 434 in the first
series of experiment (as shown Fig. 2B), but are 325 in the second series of experiment (as
shown in Fig. 5B). By comparing these two figures, one might question whether the level of
FosB/ΔFosB in the latter experiment has been elevated. Nevertheless, caution should be
taken when doing this kind of comparison, since these figures were collected from two
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different series of experiments. Importantly, a control group was included in each series of
experiments. The data indicate that levels of FosB/ΔFosB IR in ethanol drinking animals
were higher than ethanol naïve animals and naltrexone treatments significantly decreased the
levels of FosB/ΔFosB IR induced by voluntary alcohol intake in NAc core.

The antiserum (#sc-48; Santa Cruz Biotechnology, Santa Cruz, California) used in our
experiment was raised to the N terminus of FosB and recognizes both FosB and ΔFosB.
However, ΔFosB but not FosB or other Fos-related antigens is known to be stably expressed
following chronic drugs of abuse (Nestler, 2008). Importantly, in the current study, rats were
sacrificed at 18 h after the last drinking bout. We choose this assay time point based on
previous studies showing that 18–24 h after stimulus, the full-length FosB was degraded,
leaving the stable ΔFosB as the only FosB gene product (Hope et al., 1994; Chen et al.,
1995, 1997; Perrotti et al., 2008; Ulery et al., 2006). Therefore, the positive particles
recognized by the antiserum under our experimental conditions are most likely ΔFosB.
Nevertheless, since the rats were sacrificed 18 h after the last drinking session, they may be
experiencing withdrawal from ethanol. Therefore, this would result in a mixed signal
reflecting ethanol-induced ΔFosB and anxiety-induced full-length FosB. Similarly, since
naltrexone decreased ethanol intake, these animals may experience less withdrawal and less
withdrawal-induced anxiety. Therefore, the decrease in FosB-IR in these animals may be
due to decrease anxiety.

We reported that systematic administration of naltrexone significantly reduced excessive
voluntary ethanol intake in S-D rats under the intermittent-access of 20% ethanol paradigm.
This is in line with that seen in Long-Evens and Warsaw High Preferring rats where
naltrexone is most effective in decreasing ethanol intake in rats that are consuming high
amounts of ethanol (Simms et al., 2008; Zalewska-Kaszubska et al., 2008). Our results of
naltrexone at a dose of 2 mg/kg are in agreement with previous studies showing that
naltrexone at similar doses (1.8 mg/kg or 2.0 mg/kg) suppressed ethanol intake, and possibly
by affecting the μ opioid receptor activity (Mhatre et al, 2004; Zalewska-Kaszubska et al,
2008). However, this dose of naltrexone has been shown to have effects in general
consummatory behavior. Therefore, it is necessary to test the effects of lower doses of
naltrexone in future studies, because lower doses of naltrexone are more selective for μ
opioid receptors and these studies may provide more clues for which opioid receptor
subtypes are responsible for these effects.

Our previous studies suggested that naloxone, an antagonist of opioid receptors similar to
naltrexone attenuates ethanol consumption via antagonizing the down-regulation of CaM
kinase IV and the phosphorylation of CREB in the striatal region induced by forced ethanol
exposure (Li et al., 2003; 2008) and that naloxone increases the firing of VTA dopamine
neurons by inhibiting VTA GABAergic interneurons (Xiao et al., 2007; Xiao and Ye, 2008).
In the present study, we observed that naltrexone treatment significantly attenuated FosB/
ΔFosB IR in NAc core, NAc shell, DLS, DMS and OFC. Moreover, the attenuation is more
significant in DLS and OFC than NAc core.

It has been shown that μ opioid receptor agonists indirectly increase dopamine release in
NAc and caudate putamen (Di Chiara and Imperato, 1988; Job et al., 2007) and that the
induction of ΔFosB by psychostimulants is mediated by D1 dopamine receptor pathway
(Muller et al., 2005). Furthermore, naltrexone attenuates striatum dopamine levels, which
are increased by systemic administration of ethanol (Acquas et al., 1993; Benjamin et al.,
1993; Gonzales and Weiss 1998). Therefore, naltrexone-induced attenuation of dopamine
levels may contribute to its attenuation of FosB/ΔFosB IR upregulation observed in current
study. However, little is known regarding the role of opioid receptor-dopamine link in
frontal cortex in modulating the behavioral effects of ethanol. It has been demonstrated that
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D1 dopamine receptors are expressed at much lower levels in prefrontal cortex than in
dorsal striatum and NAc (Boyson et al., 1986; Diop et al., 1988). We found that voluntary
ethanol intake induced high levels of FosB/ΔFosB IR in OFC but not in mPFC. The
mechanism underlying the difference between these two areas warrants further investigation.

In summary, the present study demonstrates that chronic voluntary consumption of large
quantities of ethanol induces FosB/ΔFosB expression selectively in the subregions of the
striatum and the prefrontal cortex, which is reversed by naltrexone treatment. The pattern of
the induction of FosB/ΔFosB found in current study is somewhat different from those
observed by forced ethanol exposure. This suggests that voluntary drinking may activate
pathways that are different from those activated by forced ethanol exposure. Therefore,
study on voluntary drinking may be more relevant in the search to discover treatments for
alcoholism, since human drinks alcohol voluntary, in most, if not all of the cases. Further
investigation into the potential pathways mediating ΔFosB in the related brain regions as
well as endogenous opioid system is important for a more comprehensive understanding of
the role of this transcription factor in the regulation of gene expression produced by
voluntary ethanol intake.
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Figure 1.
Schematic drawings of coronal sections of the rat brain based upon the atlas of Paxinos and
Watson (2005), showing the different regions where quantification of ΔFosB positive nuclei
was carried out. Counts were obtained from both hemispheres and from four sections for
nucleus accumbens, DLS and DMS (AP 2.16, 1.92, 1.8 and 1.56) and from three sections
within prefrontal cortex (AP 3.72, 3.24 and 3.00). mPFC, medial prefrontal cortex; OFC,
orbitofrontal cortex; DLS, dorsolateral striatum; DMS, dorsomedial striatum; Core, Nucleus
accumbens core; Sh, Nucleus accumbens shell.
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Figure 2.
Chronic voluntary ethanol intake significantly increases ΔFosB IR within the NAc core (a–
b) and DLS (e–f), but not in the NAc shell (c–d) and DMS (g–h). Data are expressed as
mean ± SEM (n = 6 animals in each group). ** P < 0.01, *** P < 0.001 in comparison to
control. Scale bar =100 µm.
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Figure 3.
Voluntary ethanol intake significantly increases ΔFosB levels in the OFC (a–b), but not the
mPFC (c–d). Data are expressed as mean ± SEM (n = 6 animals in each group). * P < 0.05
in comparison to control. Scale bar = 100 µm.
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Figure 4.
Naltrexone significantly decreases voluntary ethanol intake. Naltrexone (2.0 mg/ kg, i.p.,) or
vehicle was administered to two different groups of rats on each of 6 consecutive days, 30
min before the start of ethanol- or water-drinking session. The effect of naltrexone or vehicle
on ethanol consumption was measured on day 1, 3, and 5 and compared with baseline
drinking levels. Naltrexone (black bars) but not vehicle (grey bars) administration
significantly decreased ethanol consumption (g/kg) compared with baseline drinking levels
at 30 min (A) and 24 h (C) after the onset of drinking. There is no significant difference
regarding the baseline drinking levels between the naltrexone and vehicle groups. Saline
administration had no significant effect on ethanol consumption compared with baseline
drinking levels at 30 min (A) or 24 h (C) after the onset of drinking. The values are
expressed as mean ± SEM (two-way ANOVA followed by Newman-Keuls post hoc test). *
P < 0.05, ** P < 0.01 compared with baseline drinking levels, # P < 0.05, ## P < 0.01, ###
P < 0.001 compared with vehicle. n = 6 animals in each group.
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Figure 5.
Naltrexone treatment blocks ethanol-induced up-regulation of ΔFosB IR in the striatal
region and OFC. Counts of ΔFosB immunoreactive nuclei in animals subjected to chronic
ethanol treated with saline, and in animals subjected to chronic ethanol treated with
naltrexone (2 mg/kg, i.p.) were statistically distinguishable. A decrease in ΔFosB
immunoreactive nuclei was observed in NAc core (a–b), DLS (e–f), OFC (i–j) in animals
subjected to chronic ethanol treated with naltrexone compared with animals subjected to
chronic ethanol treated with saline. Furthermore, significant decrease in ΔFosB
immunoreactive nuclei was also seen in the NAc shell (c–d) and DMS (g–h) after chronic
naltrexone treatment compared with animals subjected to chronic ethanol treated with saline.
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However, there is no significant change in ΔFosB levels in the mPFC in animals subjected
to chronic ethanol treated with naltrexone (k–l) compared with animals subjected to chronic
ethanol treated with saline. Scale bar = 100 µm. Data are expressed as mean ± SEM (n = 5
animals in each group). * P < 0.05, ** P < 0.01, *** P < 0.001 versus saline-ethanol. Scale
bar = 100 µm.
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