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Abstract
Substance use disorder comorbidity in schizophrenia may reflect dysfunctional cortical-striatal-
limbic circuitry commonly involved in the addiction process and the pathogenesis of schizophrenia.
Rats with neonatal ventral hippocampal lesions (NVHL) demonstrate post-adolescent onset of
schizophrenia-like symptoms and increased addiction vulnerability in paradigms using cocaine in
adulthood. Here, we investigated response profiles of young adult NVHL vs. SHAM rats to ethanol,
an addictive drug with many psychopharmacological effects divergent from those of cocaine, in a
locomotor sensitization paradigm. Over 15 days of daily injections of saline, low (0.15 g/kg) or high
(1.0 g/kg) doses of ethanol, NVHL rats showed stimulatory effects at the low dose compared to saline
and high-dose conditions, while SHAM rats showed expected patterns of dose-dependent
suppression of locomotor activity. In a challenge session 2 weeks later in which a moderate dose
(0.25 g/kg) of ethanol was given to all subjects, NVHL rats with history of prior ethanol exposure
showed greater locomotor activity consistent with installment of alcohol-induced sensitization not
present in SHAMs. These findings provide further evidence of enhanced short- and long-term
responsivity to abused drugs in a neurodevelopmental model of schizophrenia, and may reflect
potentiation of common mechanisms of addiction shared between pharmacologically diverse
addictive drugs.
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1. Introduction
Even when excluding smoking, up to 50% of patients with schizophrenia meet criteria for
substance use disorders (SUDs), putting them at 4.6 times the risk of the general population
(Regier et al., 1990). Schizophrenia and comorbid SUDs are associated with lower quality of
life ratings, decreased treatment compliance, increased violence, suicide, and homelessness,
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more frequent hospitalization and greater costs of care (Addington and Addington, 1996;
Dixon, 1999). Ethanol use, like other types of addictive drugs including cocaine, amphetamine,
and nicotine, are associated with SUDs in schizophrenia at rates greater than the general
population, with up to 33.7% meeting criteria for alcohol abuse or dependence (Regier et al.,
1990). As with SUD comorbidity in general, alcohol abuse/dependence in schizophrenia is
also associated with greater psychiatric and medical complications (Bowie et al., 2005; Drake
et al., 1989; Gerding et al., 1999).

Prefrontal cortical and limbic abnormalities underlying schizophrenia may potentiate
motivational responses to addictive drugs mediated by mesolimbic dopamine (DA) systems
and related circuitry, including the Nucleus Accumbers (NAc) (Chambers et al., 2001).
Explorations of this hypothesis have employed the neonatal ventral hippocampal lesion
(NVHL) rat model of schizophrenia in conjunction with preclinical addiction paradigms. The
ventral hippocampus sends glutamatergic afferents directly into the NAc, and there influences
cortical–striatal information processing that is also modulated by mesolimbic DA (Kelley and
Domesick, 1982; O’Donnell and Grace, 1995). Adult NVHL rats show abnormal firing
responses in the NAc upon stimulation of midbrain sources of mesolimbic DA (Goto and
O’Donnell, 2002), suggestive that intrinsic or extrinsic (e.g. drug induced) DA efflux in this
region produces abnormal physiological consequences.

Phenotypically, NVHLs produce a spectrum of schizophrenia-like symptoms, encompassing
positive, negative, and cognitive symptom domains, many of which are ameliorated by
neuroleptic treatment (Becker and Grecksch, 2003; Le Pen and Moreau, 2002; Lipska and
Weinberger, 1994). Positive-like symptoms include post-adolescent-onset of
hyperresponsivity to dopamine-mediated stimuli, including novelty, stress, and
psychostimulants (Lipska et al., 1993). Social deficits (Becker et al., 1999; Sams-Dodd et al.,
1997) and decreases in reward-seeking behavior (Le Pen et al., 2002) mimic schizophrenia’s
negative symptoms. Cognitive symptoms include working memory, spatial learning,
avoidance learning deficits (Chambers et al., 1996; Le Pen et al., 2000), and impairments of
prepulse inhibition (Lipska et al., 1995) and latent inhibiton (Grecksch et al., 1999). In studies
modeling dual diagnosis, NVHL rats acquire cocaine self-administration faster, exhibit binge-
like behavior, and show greater drug-seeking after withdrawal and upon drug-induced relapse
(Chambers and Self, 2002). Additionally, they show elevated baseline measures of natural
reward-related impulsivity as a possible endophenotypic trait marker of addiction vulnerability
that appears further accentuated by history of cocaine exposure (Chambers et al., 2005).

As a means to model dual diagnosis schizophrenia involving a non-psychostimulant addictive
drug, we here examined the capacity of ethanol to induce locomotor sensitization in NVHL
rats. Locomotor sensitization has long been utilized as an indirect model-paradigm of addiction,
in which repeated doses of addictive drugs incrementally and semi-permanently up-regulate
behavioral responsivity to the drug, akin to what is thought to occur with induction of
pathological motivation for drug use (Robinson and Berridge, 1993). As a possible correlate
of increased addiction vulnerability, NVHL rats show enhanced response patterns over both
short and long-term courses of repeated cocaine injections (Chambers and Taylor, 2004).
Compared to the psychostimulant cocaine, which is known to have pharmacologic effects that
mostly target monoamine transporter systems, ethanol is primarily a central nervous system
depressant with complex effects involving a wider range of transmitter systems, including
GABA, glutamate and the mono-amines (Faingold et al., 1998). Although both ethanol and
cocaine have been shown to increase mesolimbic DA transmission (Di Chiara and Imperato,
1988; Gessa et al., 1985; Imperato and Di Chiara, 1986), ethanol-induced locomotor activity
and locomotor sensitization to ethanol has proven difficult to demonstrate in rats, likely owing
to its predominant sedative effects. However, the biphasic actions of ethanol, in which low
doses activate and high doses sedate, are well documented, particularly in mice (Dudek et al.,
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1991; Phillips et al., 1995). Hoshaw and Lewis (2001) managed to show ethanol sensitization
in the Sprague-Dawley rat strain using a subgroup that were high responders to novelty, and
by using a challenge dose of ethanol (0.25 g/kg) lower than the relatively more sedating
induction dose (1 g/kg). Based on these findings, as a means for optimizing detection of ethanol
sensitization in NVHL vs. SHAM rats, we used a similar approach in which saline, low (0.15
g/kg) or high doses (1.0 g/kg) of ethanol were given i.p. in 15 daily injections, followed by a
moderate challenge dose (0.25 g/kg) to all subjects 2 weeks later. The low (0.15 g/kg) dose
was included, as this dose given i.v. has previously been shown to be near the lower dose limit
for stimulating the ventral tegmental area source of mesolimibic DA (Gessa et al., 1985). Based
on Bloom et al. (1982) these doses given i.p. to naïve male rats produce estimated blood alcohol
concentrations ranging <0.02% (0.15 g/kg), 0.02–0.04% (0.25 g/kg), and 0.08–0.12% (1 g/kg),
where mild to moderate levels of intoxication occur with the latter two doses (Chuck et al.,
2006).

2. Materials and methods
2.1. Subjects and NVHL surgeries

Pregnant Sprague-Dawley rats (Harlan, Indianapolis, Indiana) arrived in the laboratory at 14–
15 days gestation and were individually housed on a 12-h light/dark cycle with ad libitum
access to food and water. Seven days after birth (PD 7), male pups weighing 15–18 g were
removed for 1–2 h for surgery according to the protocol developed by Lipska et al. (1993).
Pups were randomly assigned sham or lesion status and anesthetized by hypothermia on ice
for 15–20 min. An anterior–posterior incision was made on the dorsal surface of the head, and
pups were secured to a stereotaxic platform with tape. A 26S gauge Hamilton syringe needle
was lowered bilaterally into the ventral hippopcampal formation (AP −3.0 mm, ML ±3.5 mm,
VD −5.0 mm relative to bregma). Infusions were delivered over 135 s, after which the needle
was left in place for an additional 3 min to prevent backflow. The lesion group received bilateral
infusions of 0.3 μL of 10 μg/μL ibotenic acid (Sigma, St. Louis, Missouri) dissolved in artificial
cerebrospinal fluid (CSF), while the sham group received only 0.3 μL of artificial CSF. The
surgical wound was closed with Vetbond (3 M), and pups were warmed on a heating pad before
return to their mothers in litters of 4–6 pups, balanced by lesion status. Pups and mothers were
left undisturbed until weaning at PD 21; from PD 35 until the end of the experiment, animals
were housed in pairs. All procedures were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and approved by the Indiana
University Institutional Animal Care and Use Committee.

2.2. Locomotor activity
Starting at PD 70, locomotor behavior was assessed over fifteen 2-h sessions (1 session/day),
each of which consisted of a 60-min baseline phase and a 60-min postinjection phase, all
divided into 10-min bins (Fig. 1). After the baseline period ended, animals received
intraperitoneal injections of either 0.9% saline (2.11 mL/kg), 0.15 g/kg ethanol (1.0 mL/kg of
15% v/v ethanol in water), or 1.0 g/kg ethanol (8.45 mL/kg of 15% v/v ethanol in water),
according to randomly assigned drug treatment group. Two weeks later, in another 2-h session,
all animals received a challenge dose of 0.25 g/kg ethanol (2.11 mL/kg of 15% v/v ethanol in
water) after the baseline period.

Locomotor activity sessions took place in 43.2 cm × 43.2 cm×30.5 cm high recording
chambers, which were made of clear plastic and equipped with three sets of infrared beam
transmitters and detectors (Med Associates, Inc., St. Albans, VT). Translational motion (x, y
dimension) transmitter and detector arrays were located 5 cm from the chamber floor, and
rearing (z dimension) arrays were located 17.5 cm from the chamber floor. Each array consisted
of 16 beams located 2.5 cm apart. Data were collected using Activity Monitor 5.0 software
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(Med Associates, Inc., St. Albans, VT), which was configured to separate small, quick
movements (stereotypic beam break counts) from gross translational locomotion (ambulatory
beam break counts, distance traveled) based on pilot work with cocaine-induced stereotypy.

2.3. Lesion verification
Following the challenge session, animals were anesthetized with isoflurane and decapitated.
Brains were immediately frozen in isopentane, and 20 μm coronal sections were taken on a
cryostat every 300 μm from −3.3 to −5.8 mm relative to bregma. Sections were mounted, fixed
in chloroform, and stained with 0.5% thionin. Only lesioned animals with histologically
confirmed bilateral damage to the ventral hippocampus as assessed microscopically were
included in the analysis; animals with unilateral damage or damage extending beyond the
hippocampus were excluded.

2.4. Data analysis
Locomotor distance traveled in the novel open field, and pre-and post-injection locomotion
over the 15 sensitization days and in the challenge session were analyzed using separate two-
or three-way repeated measures analysis of variance (ANOVA). Drug dose and/or lesion status
served as between subjects factors, with bins or days serving as the within subjects repeated
measure. Where appropriate to specify subgroup contributions to significant main effects, post-
hoc testing using the least significant difference (LSD) method was employed. Statistical
significance was assumed at p<0.05. Data in all figures are presented as mean±SEM.

3. Results
3.1. Lesion analysis

After histological analysis, seventeen rats with appropriate bilateral ibotenic acid lesions to the
ventral hippocampus and 23 SHAM rats with no evidence of excitotoxic damage were included
in data analysis. The included animals had been divided into the following groups during the
experiment: NVHL-saline (n =6), NVHL-0.15 g/kg ethanol (n=6), NVHL-1.0 g/kg ethanol
(n =5), SHAM-saline (n=7), SHAM-0.15 g/kg ethanol (n=7), and SHAM-1.0 g/kg ethanol
(n=9).

Fig. 2 shows typical coronal sections from SHAM and NVHL rats. Included NVHL rats all
had hippocampal neuronal loss in at least two consecutive sections taken 300 μm apart. Smaller
lesions were confined to the meeting of the dorsal and ventral regions of CA3 and extended
approximately 600 μm posterior. Larger lesions encompassed more anterior dorsal sections of
CA3, and extended ventral-caudally to ventral CA3, ventral CA1 and subiculum, and ventral-
caudal DG. Most NVHL rats showed enlargement of lateral ventricles.

3.2. Novel field response and daily pre-injection activity
In response to the novel field (pre-injection phase on the first day of testing; Fig. 3), NVHL
and SHAM rats showed similar declines in activity to baseline levels across the six pre-injection
bins (bins: F(5,190)=367.6, p<0.001). The groups did not differ significantly in terms of main
effect of lesion status or lesion status×bins interaction.

To assess baseline activity levels during the pre-injection period across the series of fifteen
injections, data from the bin immediately preceding injections (bin 6) were analyzed. Bin 6
activity declined significantly across all groups over the 15 days (days: F(14,476)=5.6,
p<0.001). Lesion status produced no significant main effect or interactions. The main effect
of dose, though, was significant (dose: F(2,34)=7.8, p<0.01). Post hoc testing revealed that
while none of 4 groups receiving saline or low doses of ethanol (0.15 g/kg) were mutually
different, 1.0 g/kg ethanol significantly suppressed the overall pre-injection activity of both
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SHAM and NVHL rats compared to the SHAM-SAL group (p<0.05), and these two high dose
groups were not mutually different.

3.3. Daily post-injection activity
Fig. 4 shows group means of post-injection distance traveled across the fifteen sensitization
sessions. Activity was significantly variable across days (days: F(14,476)=4.127, p<0.001) and
dose of ethanol produced a significant main effect on activity (dose: F(2,34)=13.7, p<0.001).
Ethanol dose differentially modulated activity levels of SHAM vs. NVHL rats, as indicated by
the significant lesion status×dose interaction but lack of a lesion main effect (lesion×dose: F
(2,34)=3.3, p<0.05). Post-hoc analysis revealed that NVHL rats receiving 0.15 g/kg ethanol
showed stimulatory effects of the drug compared to NVHL rats receiving saline (p<0.05) or
high doses (1.0 g/kg) of ethanol (p<0.001), while high doses depressed locomotor activity
compared to saline (p<0.05). NVHL rats receiving 0.15 g/kg ethanol were marginally more
active than SHAM rats receiving the same dose (p=0.053). For SHAM rats, low dose ethanol
non-significantly tended to suppress locomotor activity compared to saline, while the high dose
significantly suppressed locomotor activity compared to the 0.15 g/kg ethanol (p<0.05) or
saline (p<0.001) groups.

In order to discern whether group differences in gross locomotor activity could relate to
differential proportions of stereotypic activity, we examined the percentage of post-injection
beam breaks that were classified as stereotypic rather than ambulatory according to the
following formula: [stereotypic counts/(stereotypic counts+ ambulatory counts)]×100%
(Table 1). A main effect of dose emerged (dose: F(2, 34)=18.708, p<0.001). Post hoc analysis
revealed that NVHL and SHAM rats treated with 1.0 g/kg ethanol showed similar percentages
of stereotypic activity across sessions while both these high dose groups demonstrated higher
percentages (p<0.05) than all rat groups treated with either 0.15 g/kg ethanol or saline.
Meanwhile, none of the groups receiving saline or low doses of ethanol were mutually different.
A secondary analysis of the absolute number of stereotypic counts (rather than taken as a
percentage of total movement) revealed no lesion or dose effects.

3.4. Ethanol challenge session
All rats, regardless of previous treatment, received a challenge dose of 0.25 g/kg ethanol during
a challenge session 2 weeks after the last day of the initial injection series (Fig. 5). In analyzing
post-injection distance traveled, a main effect of lesion status was observed (lesion status: F
(1,34)=7.258, p<0.02). Post hoc tests further specified group differences where NVHL rats
previously treated with either 0.15 g/kg or 1.0 g/kg ethanol showed greater activity than SHAM
rats who received the 0.15 g/kg dose (p<0.05). NVHL rats previously treated with saline, and
SHAM groups previously treated with saline, low or high doses of ethanol, were not mutually
different.

In order to confirm that equal baseline activity levels were achieved by all groups during the
pre-injection phase of the challenge session, the distance traveled during the bin just prior to
injection (bin 6) was examined. This analysis revealed no main effects or interaction of lesion
status or dose of ethanol. Percentages of post-injection beam breaks during the challenge
session categorized as stereotypic rather than ambulatory were also analyzed (Table 1). In
contrast to the prior series of 15 injections, no dose or other group differences were observed
in the challenge session.

4. Discussion
This study demonstrates that NVHL rats show altered short-and long-term responses to
repeated ethanol injections. In contrast to SHAM rats, a low dose of ethanol (0.15 g/kg) given
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in daily injections is stimulatory in NVHL rats, while both NVHL and SHAM groups show
similar depression of locomotion with high doses (1.0 g/kg). Two weeks after the initial series
of injections, a moderate dose (0.25 g/kg) of ethanol produced an augmented psychomotor
response in NVHL rats with histories of either low or high doses of ethanol.

To the extent that behavioral sensitization reflects the installment of an augmented behavioral
response due to neuroadaptative processes resulting from prior drug history, these results
indicate a greater sensitivity to ethanol sensitization in NVHL compared to SHAM rats. The
effects of the initial low doses of ethanol in NVHL rats, and the results of the challenge session
are analogous to the effects of cocaine (15 mg/kg), in which both SHAM and NVHL rats show
sensitization, but NVHL rats show elevated short and long-term locomotor activity patterns
compared to SHAM rats, consistent with enhanced installment of the sensitized phenotype
(Chambers and Taylor, 2004). Taken together, these studies indicate that NVHL rats show
elevated activity patterns to repeated injections of two addictive drugs, despite differential
classifications as either a psychostimulant (cocaine) or central nervous system depressant
(alcohol). Previous studies suggest that in animal models of dual diagnosis or alcohol addiction,
elevated activity patterns to repeated doses of an addictive drug may represent a general trait
marker of enhanced addiction vulnerability. Rats with either NVHLs or adult-age olfactory
bulbecomy (model of affective-spectrum disorders) show elevated patterns of locomotor
sensitization to cocaine (Chambers et al., 2004; Chambers and Taylor, 2004) as well as
increased acquisition of psychostimulant self-administration (Chambers and Self, 2002;
Holmes et al., 2002). Similarly, rats selectively bred for high preference for ethanol self-
administration also show psychostimulant-like effects of ethanol (Agabio et al., 2001;
Parvarinta and Korpi, 1993; Quintanilla, 1999; Rodd et al., 2004; Waller et al., 1986).

Although greater novelty-induced activation has also been identified as predictor of enhanced
drug-self-administration (Piazza et al., 1989), novelty-induced activity prior to injection during
the first locomotor sensitization session was indistinguishable between NVHL and SHAM rats
in the current study (Fig. 3). NVHL hyperresponsivity to novelty has been observed in some
circumstances but not others, whereas pharmacological stimulation of DA systems appears to
be more reliable in provoking hyperactive responses in NVHL rats (Chambers and Taylor,
2004; Lipska et al., 1993). Nevertheless, based on the lack of group differences here, it is
apparent that lesion-induced changes in the novelty response taken as baseline difference in
locomotion could not have accounted for group differences in subsequent injection-induced
behavior.

The stimulatory effect of low doses of ethanol specifically identified in NVHL rats was
arguably the most interesting aspect of the initial 15 injection days. Analysis of activity in the
10-min bins prior to injection across the 15 sessions did not reveal significant differences in
baseline activity based on lesion group at any dose, but did indicate that high dose regimens
suppressed subsequent pre-injection activity for SHAM and NVHL rats alike. On the one hand,
this result reinforces the interpretation that the hyperlocomotive effects of low-dose ethanol in
NVHL rats was drug specific rather than reflecting differential baselines of activity. On the
other hand it suggests that high doses of ethanol produce suppression of locomotor activity
that lasts at least 24 h to a similar extent in both groups. Likewise, analysis of the proportion
of post-injection stereotypic movements across the 15 sessions demonstrated no lesion based
differences, while increased proportions of stereotypic movement were observed to a similar
extent in both NVHL and SHAM rats receiving the high dose. Thus the stimulatory effects of
low dose ethanol in NVHL rats also did not involve lesion-specific effects of the drug on
different classes of movement. The mechanism of the suppression of daily pre-injection activity
occurring at the high dose is unclear. Possibly, this represented a manifestation of acute daily
alcohol withdrawal or ‘hangover’ as could be expected under certain conditions with high daily
doses of ethanol (Sinclair and Gustafsson, 1987), and given that 1 g/kg doses of alcohol reduce
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to nearly 50% of maximal BACs as soon as 2 h after injection (Bloom et al., 1982).
Alternatively, this effect could reflect an expectation response to the potentially aversive effects
of higher doses of ethanol. Regardless, there were no group differences in pre-injection activity
or post-injection proportions of stereotypic behavior occurring in the challenge session 2 weeks
after the initial series of doses, after which time acute hangover effects or expectations of
aversive stimuli may have disappeared.

The hyperresponsivity of NVHL rats to the low dose of ethanol over the initial series of 15
injections is reminiscent of studies using psychostimulants, and is suggestive of a differential
DA-related effect that may be most easily demonstrable with low does of ethanol.
Hyperlocomotion to initial injections of amphetamine and cocaine, which ranks among the
broad family of addictive drugs as the most directly stimulatory of DA-systems, is a clear and
highly replicable feature of NVHLs (Chambers and Taylor, 2004; Lipska et al., 1993; Wood
et al., 1997). Higher doses of ethanol, where lesion-based differences were not seen, would be
expected to introduce overriding sedative effects that would obliterate behavioral stimulatory
effects carried by DA stimulation (Hoshaw and Lewis, 2001). DA release in the accumbens as
measured by microdialysis has been shown to increase as dose of ethanol increases from 0.25
to 2.5 g/kg (Imperato and Di Chiara, 1986), despite increasing depression of locomotor activity
(Gingras and Cools, 1996). The 0.15 g/kg dose used in this study, despite being comparatively
low, has also been shown to increase firing rates in VTA neurons (Gessa et al., 1985). There
is also evidence that human subjects show stimulatory responses to initial low doses of alcohol
(Davidson et al., 2002), which could be a feature more easily modeled by NVHL as opposed
to SHAMS in the rat species owing to lesion-induced alterations in DA-related circuit
sensitivity. Notably, however, while low doses of ethanol produced psychostimulant-like
effects in NVHL rats, the plot of their daily post-injection activity across the initial 15 days
does not resemble the fairly regular incremental increases in locomotion characteristic of
repeated daily psychostimulant dosing in healthy rats. Possibly, this is a complex effect of the
non-transmitter-specific (‘dirty’) effects of ethanol involving GABA, glutamatergic as well as
monoaminergic transmittier systems (Faingold et al., 1998), each of which may follow
differential dynamics of tolerance and sensitization in daily dosing regimens.

Evidence for long-term sensitization in NVHL but not SHAM rats was observed in the
challenge session two weeks after the final day of the 15-injection series, when all animals
were given a moderate 0.25 g/kg ethanol dose (Fig. 5). Statistically, this effect was carried
more strongly in NVHL vs. SHAM comparisons at the low as opposed to the high dose possibly
suggesting that history of stimulatory doses more robustly carries long-term sensitizing effects
than history of higher depressant doses. However, this possibility remains speculative owing
to the relatively low number (n=5) of the NVHL-high dose group, which would weaken
statistical effects at this dose. In any case, NVHL rats showed evidence for sensitizing effects
with history of both doses of ethanol, even though the higher dose was acutely sedating to a
similar extent in both NVHL and SHAM rats alike over the prior 15 sessions. Evidently, the
choice of using a moderate dose of ethanol for the challenge session, as informed by Hoshaw
and Lewis (2001), was sufficiently non-sedating for uncovering lesion-based sensitizing
effects, while also not stimulatory enough to produce significant locomotor differences
between NVHL and SHAM rats with histories of saline injections.

Several features of our results cast doubt on the possibility that the sensitization-like effects
observed in NVHL rats in the challenge session merely represented tolerance to the sedative
effects of ethanol. First, over 15 initial sessions, where the sedating effects of ethanol were
most clearly evident at the high dose, NVHL and SHAM rats performed similarly, and their
response curves were largely flat if not slightly decreasing over sessions. If tolerance to sedation
were to manifest, it would be expected in the form of a pseudo-sensitization effect in which
high dose rats show incremental increases in post-injection activity. Second, only the high-
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dose receiving rats showed significant suppression of pre-injection locomotion. To the extent
that this could represent acute withdrawal effects, and tolerance and withdrawal are
phenomenologically linked, this is not the dose where lesion-based differences in locomotor
stimulation occurred. Third, the challenge session, in which long-term sensitization-like effects
were observed, was carried out 2 weeks after the initial injection series, over which time
significant tolerance effects would be expected to have dissipated. Here, and unlike in the initial
injection series, neither lesion nor dose history produced differences in activity in the 10-min
prior to injection.

Considering the neurobiological basis for enhanced long-term sensitization to both cocaine
and ethanol in NVHL rats may have important implications for understanding dual diagnosis
phenomena involving drug types of divergent psychoactive profiles in schizophrenia. Despite
differential behavioral and neurochemical profiles among various addictive drugs including
amphetamine, cocaine, opiates, nicotine, and ethanol, all these drugs share a common feature
in their capacity to elicit mesolimbic DA-systems activation resulting in increased DA
concentration in the NAc (Di Chiara and Imperato, 1988; Wise and Bozarth, 1987). DA is also
heavily implicated in mediating neuroplastic changes in cortical–striatal circuits underlying
incremental increases in either overt behavior or more occult motivational processes (Robinson
and Berridge, 1993; Vanderschuren and Kalivas, 2000). Specifically, DA may play a key role
in alcohol-induced behavioral sensitization routinely observed in mice (Broadbent et al.,
2005), and may undergo neurochemical sensitization with alcohol in rats (Nestby et al.,
1997). Together with evidence that NVHL rats respond robustly to agents that directly stimulate
or antagonize DA systems (Lipska and Weinberger, 1994), this literature points to a general
role of altered DA functionality in NVHL rats as a basis for increased markers of addiction
vulnerability, and potentially, increased ethanol sensitization as observed in this study.

The specific nature of DA-systems dysfunction in NVHL rats, and the precise role of DA in
behavioral and motivational sensitization in general remain uncertain. Since DA modulates
glutamatergic and/or GABAergic transmission and related plasticity occurring in cortical-
striatal circuits that directly control psychomotor behavior, alterations in these target substrates
of DA transmission may be critical (Goto and Grace, 2005). Consistent with this view, studies
examining evidence for concrete changes in DA transmission in NVHL rats have only produced
subtle or largely negative results thus far (Chrapusta et al., 2003; Lillirank et al., 1999;
Schroeder et al., 1999; Wan et al., 1996), while mounting evidence implicate neuroadaptations
involving glutamate and GABA transmission in behavioral sensitization (Everitt and Wolf,
2002; Goto and Grace, 2005; Vanderschuren and Kalivas, 2000).

Numerous studies have identified alterations in both glutamate and GABAergic transmitter
systems within cortical-striatal circuits in both schizophrenia (Benes and Berretta, 2001;
Laruelle et al., 2003; Olney and Farber, 1995; Woo et al., 2004) and NVHL rats (Lipska et al.,
2003; Schroeder et al., 1999; Stine et al., 2001). Moreover, alterations in glutamate and/or
GABA systems may be present in patients with increased genetic susceptibility to alcoholism
(Lappalainen et al., 2005; Petrakis et al., 2004). These conditions may represent a setting in
which endogenous or drug-induced DA-efflux could be operating on an abnormal substrate
(e.g. frontal cortical–ventral striatal circuits) to alter psychomotor sensitization phenomena
and/or increase addiction vulnerability. Given the activity of ethanol as both a strong potentiator
of the GABAA receptor and an NMDA antagonist (Faingold et al., 1998), we also cannot
discount a primary, DA-independent, role for these transmitter systems in producing ethanol
sensitization in NVHL rats.

In summary, this report finds that in repeated dose regimens of ethanol designed to minimize
its predominant sedative effects, NVHL as opposed to SHAM rats show enhanced short-term
activity and long-term sensitization responses, analogous to previous findings using the
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psychostimulant cocaine. Together, these results demonstrate that neurodevelopmental lesions
leading to a schizophrenia-like syndrome accentuate the capacity of two addictive drugs,
despite their differential classification as stimulants vs. depressants, to introduce long-term
behavioral changes mediated by circuits closely linked with the process of addiction. Although
these data are consistent with the idea that dual diagnosis schizophrenia involving several drug
classes may represent common neurocircuit involvement underlying both primary psychiatric
symptoms and increased addiction vulnerability (Chambers et al., 2001), further work is needed
to more precisely elucidate the interactive roles of DA, glutamate and GABA in these processes.
Since many features of the NVHL syndrome involving dopamine emerge after adolescence,
further studies should examine how sensitizing regimens of addictive drugs given at different
developmental stages (e.g. post-natal/peri-adolescence) might interact with the NVHL
phenotype in adulthood. Characterization of the behavioral and neurobiological correlates of
a wider variety of addictive drugs in this and other neurodevelopmental models of mental
illness will be instructive toward finding more definitive and parsimonious treatments for dual
diagnosis conditions emerging in peri-adolescent phases of development.
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Fig. 1.
Experimental timeline with respect to rat age. All rats received 0.25 g/kg ethanol in the
challenge session.
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Fig. 2.
Photomicrographs of coronal sections through the hippocampus of SHAM and NVHL rats.
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Fig. 3.
Pre-injection distance traveled during the initial locomotor sensitization session for SHAM
and NVHL rats. No significant differences were found between NVHL and SHAM rats. Data
are expressed as group means of distance traveled (cm)±SEM.
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Fig. 4.
Post-injection distance traveled during the 15-session injection series. NVHL and SHAM rats
are depicted separately for clarity but all data was examined in one analysis. An overall repeated
measures ANOVA revealed a main effect of dose [F(2,34)=13.7, p<0.001] and a significant
interaction of lesion status and dose [F(2,34)=3.3, p<0.05]. In post-hoc testing, the 0.15 g/kg
dose stimulated activity compared to saline in NVHL rats (p<0.05) but not in SHAM rats. The
1.0 g/kg dose was sedating compared to saline for both SHAM and NVHL groups (p<0.05).
Data are expressed as group means of distance traveled (cm)±SEM.
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Fig. 5.
Postinjection distance traveled during the challenge session, in which all groups received 0.25
g/kg ethanol. Two-way ANOVA revealed a significant effect of Lesion Status [F(1,34)=7.3,
p<0.05]. Post-hoc analysis showed that NVHL rats with a history of receiving repeated doses
of either 0.15 g/kg or 1.0 g/kg ethanol had significantly greater locomotor activation than
SHAM rats with a history of 0.15 g/kg doses (*p<0.05), whereas NVHL and SHAM rats with
a history of saline did not differ. Data are expressed as group means of distance traveled (cm)
±SEM.
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