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Abstract
The prevalence of tobacco smoking in HIV-1 positive individuals is 3-fold greater than that in the
HIV-1 negative population; however, whether HIV-1 viral proteins and nicotine together produce
molecular changes in mesolimbic structures that mediate psychomotor behavior has not been
studied. This study determined whether HIV-1 viral proteins changed nicotine-induced behavioral
sensitization in HIV-1 transgenic (HIV-1Tg) rats. Further, we examined cAMP response element
binding protein (CREB) and extracellular regulated kinase (ERK1/2) signaling in the prefrontal
cortex (PFC), nucleus accumbens (NAc) and ventral tegmental area (VTA). HIV-1Tg rats
exhibited a transient decrease of activity during habituation, but showed attenuated nicotine (0.35
mg/kg, s.c.)-induced behavioral sensitization compared to Fisher 344 (F344) rats. The basal levels
of phosphorylated CREB and ERK2 were lower in the PFC of HIV-1Tg rats, but not in the NAc
and VTA, relative to the controls. In the nicotine-treated groups, the levels of phosphorylated
CREB and ERK2 in the PFC were increased in HIV-1Tg rats, but decreased in F344 animals.
Moreover, repeated nicotine administration reduced phosphorylated ERK2 in the VTA of
HIV-1Tg rats and in the NAc of F344 rats, but had no effect on phosphorylated CREB, indicating
a region-specific change of intracellular signaling. These results demonstrate that HIV-1 viral
proteins produce differences in basal and nicotine-induced alterations in CREB and ERK signaling
that may contribute to the alteration in psychomotor sensitization. Thus, HIV-1 positive smokers
are possibly more vulnerable to alterations in CREB and ERK signaling and this has implications
for motivated behavior, including tobacco smoking, in HIV-1 positive individuals who self-
administer nicotine.

1. Introduction
Tobacco smoking prevalence among HIV-1 positive population is 3-fold greater than that in
HIV-1 negative population, in HIV-1 negative population (Burkhalter et al., 2005; CDC,
2007; Gritz et al., 2004; Nahvi and Cooperman, 2009; Niaura et al., 2000). HIV-1 infected
patients are more likely to become dependent on nicotine, and less likely to quit than HIV-1
negative individuals (Fuster et al., 2009; Hershberger et al., 2004; Nahvi and Cooperman,
2009). There is an increasing body of clinical and experimental evidence that tobacco
smoking is associated with a more rapid progression to AIDS (Crothers et al., 2005; Furber
et al., 2007; Nieman et al., 1993; Zhao et al., 2010) and HIV-1 associated dementia (Burns
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et al., 1996; Manda et al., 2010). Considering that the HIV-1 positive population exhibits a
greater risk for tobacco-associated morbidity and mortality (Palella et al., 2006; Triant et al.,
2007), there is a critical need to define the molecular mechanisms underlying the enhanced
susceptibility to nicotine dependence in this population.

HIV-1 infection is associated with a variety of neurological impairments that result, in part,
from the presence of HIV-1 viral proteins, such as Tat and gp120. Some of the neurological
deficits caused by these viral proteins reflect an apparent dysfunction of the
mesocorticolimbic dopamine (DA) system (Berger and Arendt, 2000; Koutsilieri et al.,
2002; Nath et al., 1987), the motivation pathway of the brain (Berridge, 2007; Everitt and
Robbins, 2005; Wise and Bozarth, 1987). Indeed, long-term viral protein exposure can
accelerate damage in this DA system (Del Valle et al., 2000; Ferris et al., 2008; Hudson et
al., 2010; Nath, 2010). For example, a significant reduction in DA transporter (DAT) density
in striatum was observed in HIV-1 positive patients (Chang et al., 2008; Wang et al., 2004),
and in vitro Tat or gp120 decreased the specific [3H]DA uptake in rat striatum (Wallace et
al., 2006; Zhu et al., 2009). Importantly, the use of addictive drugs by HIV-1 positive
individuals results in greater neurological impairments relative to individuals who are
infected with HIV-1 but do not abuse drugs (Del Valle et al., 2000; Ferris et al., 2008;
Hudson et al., 2010; Nath, 2010). Furthermore, the mesocorticolimbic DA pathway is
compromised in HIV-1 positive individuals that exhibit co-morbid drug abuse (Kumar et al.,
2009; Norman et al., 2009; Obermann et al., 2009). The extent to which HIV-1 related viral
proteins and drugs of abuse alter motivation in humans is not well understood.

Our laboratory uses a rodent model to investigate the neurobehavioral and neurochemical
changes induced by the combination of HIV-1 viral proteins and abused drugs. Several
approaches are utilized to study these viral proteins because experimental rodents cannot be
infected with HIV-1: 1) in vitro exposure to Tat (Zhu et al., 2009), 2) direct microinjection
of Tat into rat brain (Fitting et al., 2008; Harrod et al., 2008), 3) transgenic mice that express
Tat protein (Duncan et al., 2008; Kim et al., 2003), and 4) HIV-1 transgenic (HIV-1Tg) rats,
which express HIV-1 viral proteins (Reid et al., 2001). These models mimic different
aspects of viral protein-induced neurotoxicity, although none of these models fully represent
the spectrum of HIV-1 viral protein insult in humans (Nath, 2010). We are using the
HIV-1Tg model in combination with basic behaviors that are mediated by the
mesocorticolimbic system. This pathway organizes motivated behaviors that range various
levels of complexity. For example, psychomotor behavior, such as locomotor/exploratory
activity, represents the integration of sensory and motor information (Berridge, 2007; Wise
and Bozarth, 1987), whereas drug maintained responding is a combination of Pavlovian and
operant conditioning processes (Everitt and Robbins, 2005; Rescorla, 1991; Robinson and
Berridge, 2003), and is a relatively more complex form of motivated behavior. Insult to this
pathway produces significant changes in both types of responding (Corrigall et al., 1992;
Fink and Smith, 1980; Joyce and Koob, 1981; Kelly and Iversen, 1976; Koob et al., 1981;
Kubos et al., 1987; Roberts et al., 1977).

Nicotine activates nicotinic acetylcholine receptors (nAChRs) located throughout the
mesocorticolimbic DA system, specifically in the prefrontal cortex (PFC), nucleus
accumbens (NAc) and ventral tegmental area (VTA) (Kita et al., 1992; Laviolette and van
der Kooy, 2004; Mansvelder et al., 2002; Panagis and Spyraki, 1996). Nicotine increases
DA levels in the NAc (Nisell et al., 1994a, b), and repeated nicotine treatment induces a
progressive increase in psychomotor behavior, which represents the initiation of behavioral
sensitization (Clarke and Kumar, 1983a, b; Kalivas, 1995; Post, 1980). Accordingly, the
locomotor stimulant properties of nicotine are blocked by lesion of mesolimbic DA neurons
(Louis and Clarke, 1998) or by nicotinic receptor antagonists (Clarke and Kumar, 1983a;
Corrigall et al., 1994). The behavioral sensitization procedure is sensitive to behavioral
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changes produced by the psychostimulant effects of abused drugs, however, it is not a
measure of drug reward (Berridge and Robinson, 1998; Robinson and Berridge, 1993; Wise
and Bozarth, 1987). This procedure was used in the present experiment to determine
whether HIV-1 Tg rats exhibited deficits in locomotor sensitization to nicotine. Furthermore,
HIV-1 viral proteins alter dopaminergic pathways that mediate behavioral sensitization. For
example, intra-accumbal or striatal Tat rats show decreased DAT activity in striatum
(Maragos et al., 2002), decreased DA levels (Cass et al., 2003), and attenuated behavioral
sensitization to cocaine (Harrod et al., 2008). Moreover, HIV-1Tg rats show enhanced
behavioral sensitization to methamphetamine (Kass et al., 2010; Liu et al., 2009). However,
whether the combination of nicotine and HIV-1 viral proteins alters psychomotor behavior
has not been investigated.

The extracellular regulated protein kinase (ERK) and its downstream transcriptional
signaling protein, the cyclic AMP response element binding protein (CREB), appear critical
for long-term adaptations in individuals who exhibit drug abuse (Berhow et al., 1996;
Carlezon et al., 1998; Girault et al., 2007; Nestler, 2001). ERK is one of the mitogen-
activated protein kinases involved in numerous cellular processes, including long-term
neuronal plasticity and survival (Hetman and Gozdz, 2004; Subramaniam and Unsicker,
2010). Abundant evidence suggests that ERK is an essential component of the signaling
pathways involved in synaptic plasticity and the long-term effects of abused drugs (Berhow
et al., 1996; Girault et al., 2007; Lu et al., 2009; Valjent et al., 2006). Two major isoforms of
ERK, ERK1 and ERK2, are very similar in sequence (Yoon and Seger, 2006), but have
distinct functions (Lloyd, 2006; Lu et al., 2009). It has implicated that ERK2 is more
strikingly changed than ERK1 in the long-term effects of drugs of abuse (Girault et al.,
2007; Iniguez et al., 2010; Valjent et al., 2005). Moreover, acute nicotine treatment increases
CREB phosphorylation in the NAc, striatum and VTA (Jackson et al., 2009; Walters et al.,
2005). Chronic nicotine exposure in mice decreases CREB phosphorylation in the NAc,
whereas nicotine withdrawal increases CREB phosphorylation in the VTA (Brunzell et al.,
2003). In addition, the levels of CREB and phosphorylated CREB are decreased in the
cortex and amygdala after withdrawal from repeated nicotine administration (Pandey et al.,
2001). Thus, long-term nicotine exposure leads to neural adaptations in intracellular
signaling through the changes of ERK and CREB signaling (Brunzell et al., 2009; Brunzell
et al., 2003; Mineur et al., 2009). To date, the effects of HIV-1 viral proteins on ERK and
CREB signaling are unknown.

It was hypothesized that the combination of HIV-1 viral proteins and nicotine would alter
nicotine-induced behavioral sensitization, and would also produce changes in the expression
of intracellular signaling proteins. To test these hypotheses, HIV-1Tg rats and Fischer 344/
NHsd (F344) non-transgenic, wild-type control rats were used to determine if genetically
expressed HIV-1 viral proteins produce altered nicotine-induced behavioral sensitization. To
investigate a potential mechanism, the modulation of ERK and CREB signaling following
repeated nicotine exposure was determined in the PFC, NAc and VTA regions of the
mesocorticolimbic DA system.

2. Methods
2.1. Subjects

Male HIV-1Tg Fisher 344/NHsd rats and age-matched male nontransgenic Fisher 344/NHsd
rats were obtained from Harlan Laboratories, Inc. (Indianapolis, IN). The HIV-1Tg rat
model carries a gag-pol-deleted HIV-1 provirus regulated by the viral promoter expressing
seven of the nine HIV-1 viral proteins (Reid et al., 2001). Since the HIV-1Tg rat model is
developed from F344 strain, F344 rats were used as the control animals. Rats at age of 7–9
weeks arrived in the animal care facilities and were pair housed throughout the experiment.
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Rodent food (ProLab Rat/Mouse/Hamster Chow 3000) and water were provided ad libitum.
The colony was maintained at 21 ± 2 °C, 50 ± 10% relative humidity and a 12L:12D cycle
with lights on at 0700 h (EST). The animals were weighed daily. The animals were
maintained according to the National Institute of Health (NIH) guidelines in AAALAC
accredited facilities. The experimental protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of South Carolina.

2.2. Drugs
Nicotine hydrogen tartrate salt was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and dissolved in sterile saline (0.9% sodium chloride). Nicotine was prepared immediately
prior to injection. The nicotine solution was neutralized to pH 7.0 with NaHCO3. Nicotine
(0.35 mg/kg, freebase) was administered subcutaneously (s.c.) in a volume of 1 ml/kg once
daily for 20 days.

2.3. Locomotor activity procedure
2.3.1. Behavioral apparatus—The activity monitors were square (40 × 40 cm)
locomotor activity chambers (Hamilton-Kinder Inc., Poway, CA) that detect free movement
of animals by infrared photocell interruptions. This equipment uses an infrared photocell
grid (32 emitter/detector pairs) to measure locomotor activity. The chambers were converted
into round (~ 40 cm diameter) compartments by adding clear Plexiglas inserts; photocell
emitter/detector pairs were tuned by the manufacturer to handle the extra perspex width.
Total horizontal activity represents all beam breaks in the horizontal plane. All activity
monitors were located in an isolated room.

2.3.2. Habituation—Rats in the HIV-1Tg-Saline (HIV1Tg-Sal; n = 8/group), HIV-1Tg-
Nicotine (HIV-1Tg-Nic; n = 8/group), F344-Saline (F344-Sal; n = 8/group) and the F344-
Nicotine (F344-Nic; n = 8/group) groups were habituated to the locomotor activity chambers
for two 60-min sessions, once/day. No injections were administered on the habituation days.
Twenty four hours after the second habituation session, all rats were habituated to the
chambers for 30 min prior to injection, and then injected (s.c.) with saline and placed into
the activity chambers for 60-min to measure baseline activity.

2.3.3. Pre-injection habituation and nicotine-induced behavioral sensitization
—The behavioral sensitization procedure began 24 hours after the saline baseline
measurement. First, all rats received a 30-minute habituation period in the testing chamber
prior to nicotine (0.35 mg/kg) or saline injection as previously reported (Addy et al., 2007).
This was done so that the onset of nicotine’s effects did not overlap with the period that rats
showed the most exploratory behavior in the chamber, which was during the first 15 min.
Previous research indicates that control rats exhibit asymptotic levels of within-session
habituation by 20 to 30 min, according to similar procedures and use of the same automated
chambers (Harrod et al., 2008; Harrod and Van Horn, 2009). Rats were administered
nicotine or saline subcutaneously every day for a total of 20 days. Locomotor activity was
assessed every other day, i.e., on days 1, 3, 5, 7, 9, 11, 13, 15, 17, and 19, for 60 min. On
alternate days, rats were administered nicotine or saline in the home cage.

2.4. Western blot analysis
Following completion of the behavioral study, brains were removed by rapid decapitation 4
hours after the last injection on day 20. Brains were placed in ice-cold PBS and dissected in
a chilled matrix. PFC, NAc and VTA were dissected and immediately sonicated on ice in a
homogenization buffer containing 20 mM HEPES, 0.5 mM EDTA, 0.1 mM EGTA, 0.4 M
NaCI, 5 mM MgCI2, 20% glycerol, 1 mM PMSF, phosphatase inhibitor cocktails I (Sigma,
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P2850) and protease inhibitors (Sigma, P8340). Samples were centrifuged at 12000 g for 15
min. The supernatant was stored at −80°C. Protein concentrations were determined in
duplicate using Bio-Rad DC protein detection reagent. Proteins (30, 10 or 15 μg per sample
in the PFC, NAc or VTA) were loaded for ERK, phosphorylated ERK (pERK), CREB,
phosphorylated CREB (pCREB) and Tyrosine Hydroxylase (TH) immunoreactivity.

Proteins were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) for
60 min at 150 V, and subsequently transferred to Immobilon-P transfer membranes
(IPVH00010, 0.45 μm pore size; Millipore Co., Bedford, MA) in transfer buffer (50 mM
Tris, 250 mM glycine, 3.5 mM SDS) using a Mini Trans-Blot Electrophoretic Transfer Cell
(Bio-Rad, Hercules, CA) for 110 min at 72 V. Transfer membranes were incubated with
blocking buffer (5% dry milk powder in PBS containing 0.5% Tween 20) for 1 h at room
temperature followed by incubation with primary antibodies diluted in blocking buffer
overnight at 4 °C. Antisera against ERK½ (V114A, Promega, Madison, WI) and pERK½
(SC-16982R, Santa cruz biotechnology, inc, Santa Cruz, CA) were used at a dilution of
1:2000 and 1:1000, respectively. Anti-CREB (9104, Cell signaling, Danvers, MA) and anti-
pCREB (9196L, Cell signaling, Danvers, MA) antibodies were used at a dilution of 1:1000
and 1:500, respectively. Anti-TH (2792) was diluted 1:2000 (Cell signaling, Danvers, MA).
Blots were washed 5 min × 5 times with wash buffer (PBS containing 0.5% Tween 20) at
room temperature, and then incubated for 1 h in affinity-purified, peroxidase-labeled, anti-
rabbit IgG (1:10000 for ERK½, 1:5000 for pERK½, 1:20000 for TH, Jackson
ImmunoResearch, West Grove, PA) and 1:2000 anti-mouse IgG (7076, Bio-Rad, Hercules,
CA) in blocking buffer for 1 h at room temperature. Blots on the transfer membranes were
detected using enhanced chemiluminescence and developed on Hyperfilm (ECL-plus;
Amersham Biosciences UK Ltd., Little Chalfont Buckinghamshire UK). After detection and
quantification of these proteins, each blot was stripped in 10% of Re-blot plus mild antibody
stripping solution (CHEMICON, Temecula, CA) for 20 min at room temperature and
reprobed for detection of β-tubulin (sc-9104, Santa cruz biotechnology, inc, Santa Cruz,
CA). β-tubulin was used to monitor protein loading among samples. Multiple
autoradiographs were obtained using different exposure times, and immunoreactive bands
within the linear range of detection were quantified by densitometric scanning using Scion
image software (Scion Corp., Frederick, MD).

2.5. Data analyses
The data are presented as mean values ± standard error of the mean (S.E.M.). In order to
analyze the effects of nicotine exposure on body weight gain, the body weights of the rats
were expressed as a percentage of the body weights on the day prior to nicotine injection.
The effect of nicotine administration on body weight gain was analyzed with a (2 × 2 × 20)
mixed factorial analysis of variance (ANOVA), with genotype (HIV1-Tg or F344) and
treatment (nicotine or saline) as the between-subjects factors, and day as the within-subjects
factor. A genotype × day × time (2 × 2 × 12) mixed factorial ANOVA was used to analyze
data from the 2 habituation days, and a genotype × time (2 × 12) factorial ANOVA was
conducted on the saline baseline day. The pre-injection habituation part of the experiment
was analyzed using a genotype × treatment × day × time (2 × 2 × 10 × 12) ANOVA. The
effect of repeated nicotine injection on total horizontal activity was analyzed using a
genotype × treatment × day × time (2 × 2 × 10 × 12) factorial ANOVA, with genotype and
treatment as between-subjects factors, and day and time as within-subjects factors. To
determine the effects of repeated nicotine administration on the activity of signaling proteins
(ERK, CREB and TH), separate genotype × treatment (2 × 2) factorial ANOVAs were
performed on the data from the PFC, NAc, and VTA. Simple effect comparisons were made
for post hoc analyses. All statistical analyses were performed using SPSS (standard version
18.0, Chicago, IL) and differences were considered significant at p < 0.05.
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3. Results
3.1. Effect of nicotine on body weight

Daily body weights were analyzed using a genotype × treatment × day ANOVA. There were
significant main effects of genotype (F(1,28) = 25.71; p < 0.001) and day (F(19,532) =
384.28; p < 0.001), indicating that HIV-1Tg rats weighed less than F344 controls, and that
all animals gained weight over days. Body weight gain across days was not different
between HIV-1Tg rats and F344 rats (F(19,532) = 1.24; p = 0.22): these groups showed 11
and 12% increase in weight gain from day 1 to day 20, respectively (Figure 1).

3.2. Habituation, pre-injection habituation, and nicotine-induced locomotor activity in
HIV-1Tg and F344 rats

3.2.1. Habituation and Saline Baseline—Animals were habituated to the chambers for
two days, 60 min per day. The total horizontal activity that occurred during the two
habituation days is shown on Figures 2A and 2B. A genotype × day × time ANOVA (2 × 2
× 12) revealed main effects of day (F(1, 30) = 55.95, p < 0.001) and time (F(11, 330) =
147.6, p < 0.001), and a significant genotype × day × time interaction (F(11, 330) = 2.14, p
< 0.05). Both genotypes showed the most activity at the beginning of the habituation
session, and the activity decreased over the 30-min period, and both groups of rats were at
asymptote for the remaining 30 min of the session. HIV-1Tg rats exhibited less locomotor
activity than did F344 rats in the first 30 min of the first habituation session (p < 0.01
Bonferroni t-test), and this is observed as a downward, and leftward shift in the habituation
curve (Figure 2B). No significant differences in total horizontal activity during second
habituation session were detected (Fig. 2B). On the third day, total horizontal activity was
recorded for all groups after a saline injection to determine baseline activity prior to the
induction of sensitization phase of the experiment. The genotype × time ANOVA revealed a
main effect of time (F(11, 330) = 41.77, p < 0.001), and a genotype × time interaction (F(11,
330) = 2.41, p < 0.05). No main effect of genotype was found. In general, both genotypes
showed lower activity during the first 5 min of the saline baseline day, acquired asymptotic
levels of activity more quickly, and showed a lower asymptote compared to that of the
habituation sessions (Fig. 2C). Within the first 30 min period, the F344 habituation curve
crossed and slightly went below that of the HIV-1Tg curve. The habituation curve crossed
again at minute 30, and this was observed again at the end of the session within the last 30
min (data not shown). None of the comparisons indicated differences between the HIV-1Tg
and F344 rats (all p >.05).

3.2.2. Pre-injection habituation—Animals were placed into locomotor chambers for 30
min prior to the activity measurement to produce within-session habituation of activity prior
to nicotine or saline injection. Total horizontal activity during the 30 min habituation period
across the 19-day treatment was recorded and is shown in Figure 3A. A mixed-factor
genotype × treatment × day × time ANOVA (2 × 2 × 10 × 12) revealed main effects of
treatment (F(1, 28) = 4.76, p < 0.05), day (F(9, 252) = 9.15, p < 0.05), time (F(5, 140) =
705.56, p < 0.05) and a significant day × treatment interaction (F(9, 252) = 2.74, p < 0.01).
There was no main effect of genotype and there were no significant interactions containing
this factor. The treatment × day interaction indicates that, regardless of genotype, animals
treated with nicotine show increased activity during the pre-injection habituation measures
as the number of habituation/injection days increased. To test this, activity from the first and
last pre-injection habituation days were compared using a within-subjects comparison of the
saline (HIV-1Tg Sal and F344 Sal) and nicotine (HIV-1Tg Nic and F344 Nic) treated
groups. The saline treated rats showed activity counts of 652.6 (± 39.3) and 586.4 (± 20.3)
on days 1 and 19, respectively; no change in pre-injection habituation activity was observed
(F(1, 15) = 2.6, p > 0.05). The nicotine treated animals exhibited 640.3 (± 29.9) and 764.6 (±
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35.5) activity counts on days 1 and 19, respectively, and this increase in locomotor activity
during pre-injection habituation sessions was significant (F(1, 15) = 25.0, p < 0.001). These
data indicate that animals injected with nicotine, but not saline, exhibit a significant increase
in activity during the pre-injection observation.

3.2.3. Nicotine-induced behavioral sensitization—To determine the effect of HIV-1
viral proteins on nicotine-mediated locomotor sensitization, we measured horizontal activity
following administration of nicotine (0.35 mg/kg, s.c.) or saline in HIV-1Tg and F344 rats
(Fig. 3B). A genotype × treatment × day × time ANOVA revealed significant main effects
of genotype (F(1, 27) = 4.37, p < 0.05), treatment (F(1, 27) = 965.71, p < 0.001), day (F(9,
243) = 23.52, p < 0.001) and time (F(11, 297) = 536.04, p < 0.001). A significant treatment
× day interaction (F(9, 243) = 37.40, p < 0.05) was found, indicating that repeated nicotine
injection produced behavioral sensitization. Rats treated with saline exhibited decreased
activity across treatment days, from a mean (±S.E.M.) of 357 (±27) activity counts on day 1,
to 245 (±32) on day 19. Nicotine treated rats exhibited 763 (±28) activity counts on day 1,
but showed increased locomotor counts of 1287 (±33) on day 19. The genotype × treatment
(F(1, 27) = 4.40, p < 0.05) and genotype × day (F(9, 243) = 2.76, p < 0.05) interactions
indicate that genotype significantly interacted with the effects of repeated nicotine
administration. The pattern of nicotine-induced sensitization was similar for the HIV-1Tg
and F344 rats following the first ten nicotine injections; however, the nicotine-induced
behavioral sensitization was attenuated in HIV-1Tg rats compared to F344 rats during
treatment days 11–19. The HIV-1Tg rats showed decreased nicotine-induced activity on
four of the remaining five nicotine behavioral assessments, thus suggesting that transgenic
animals do not acquire the same magnitude of nicotine-induced behavioral sensitization.

A genotype × treatment × day ANOVA was conducted on the first and final injection days
to determine if HIV-1Tg rats exhibited attenuated nicotine-induced behavioral sensitization
(Figures. 4A and 4B). There were significant main effects of genotype (F(1,28) = 6.27; p <
0.05), treatment (F(1,28) = 192.05; p < 0.001) and day (F(1,28) = 14.97; p < 0.01). A
significant genotype × day interaction (F(1,28) = 5.29; p < 0.05) and a significant treatment
× day interaction (F(1,28) = 40.96; p < 0.001) were found. On day 1, the HIV-1Tg and F344
rats in nicotine-treated groups exhibited more activity than their saline controls (p < 0.001; p
< 0.001, Bonferroni t-test, respectively). No differences between the HIV-1Tg-Nic and
F344-Nic groups were observed (p > 0.05). Similarly, there were no differences between
HIV-1Tg-Sal and F344-Sal groups on day 1 (p > 0.05). On day 19, HIV-1Tg and F344 rats
injected with nicotine displayed greater activity compared to their saline controls (p <
0.001); however, both groups showed enhanced activity following repeated nicotine
injection relative to day 1 (F(1,6) = 136.5; p< 0.001), and day 19 (F(1,7) = 98.8; p < 0.001,
respectively). The HIV-1Tg-Nic group exhibited less locomotor activity relative to the
F344-Nic group (p < 0.01), suggesting that the HIV-1Tg rats exhibited attenuated
psychomotor sensitization relative to the F344 rats.

The time course data from Day 1 and Day 19 are illustrated in Figures 4C and 4D. Figure 4C
shows that rats treated with nicotine and saline had the same amount of activity in the first
five min of the session, and that nicotine injected rats showed more activity than did the rats
administered saline. Figure 4D, which represents day 19, clearly shows that animals treated
with nicotine exhibited higher activity counts in the first 5 min relative to the saline groups,
and although both groups showed within-session habituation, animals in the nicotine
conditions exhibited higher activity counts throughout the remainder of the hour.
Furthermore, HIV-1Tg rats treated with nicotine showed less activity than the F344 rats
treated with nicotine throughout the remainder of the hour measurement.
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3.3. Levels and activity of ERK and CREB signaling proteins in HIV-1Tg and F344 rats
To determine whether the nicotine-induced behavioral change is associated with
mesocorticolimbic DA signaling, we examined the effects of repeated nicotine
administration on the levels and the phosphorylation state of CREB and ERK in the PFC,
NAc and VTA from the HIV-1Tg and F344 rats used in the behavioral experiment.

3.3.1. PFC—Separate two-way ANOVAs were performed to determine the effect of
nicotine on the levels and phosphorylation state of the signaling proteins. As shown in
Figure 5, no significant differences in total CREB, ERK1, ERK2 and TH were found in the
PFC among the groups. With respect to the ratio of pCREB/β-tubulin, a main effect of
genotype (F(1, 27) = 4.34, p < 0.05) and a significant genotype × treatment interaction (F(1,
27) = 9.47, p < 0.05) were found. Post hoc analysis revealed that the ratio of pCREB/β-
tubulin was lower in the HIV-1Tg rats than that in the F344 rats in saline-control groups
(F(1, 13) = 5.64, p < 0.05). The level of pCREB was greater in the nicotine-treated HIV-1Tg
group than that in the saline-treated HIV-1Tg group (F(1, 13) = 4.69, p < 0.05). In contrast,
pCREB levels were decreased in the nicotine-treated F344 group compared to the saline-
treated F344 group (F(1, 13) = 4.31, p < 0.05).

With respect to the ratio of pERK2/β-tubulin in the PFC, a main effect of genotype (F(1, 27)
= 4.32, p < 0.05) and a significant genotype × treatment interaction were found (F(1, 27) =
8.81, p < 0.05). Post hoc analysis revealed that the ratio of pERK2/β-tubulin in the PFC was
lower in HIV-1Tg rats than that in F344 rats in saline-treated group (F(1, 13) = 13.2, p <
0.05). Nicotine increased the ratio in HIV-1Tg rats compared to the saline-treated group
(F(1, 13) = 6.64, p < 0.05). There was a trend toward a decrease in the ratio of pERK2/β-
tubulin in F344 rats after repeated nicotine injection (F(1,13) = 3.31; p = 0.07). The ratio of
pERK2/β-tubulin was greater in HIV-1Tg-Nic group than that in F344-Nic group (p < 0.05).

3.3.2. NAc—There were no changes in total and phosphorylated CREB, in total ERK and
pERK1, or in the levels of TH observed in NAc of HIV-1Tg and F344 rats following
nicotine or saline injection. With respect to ratio of pERK2/β-tubulin, the two-way ANOVA
revealed a significant main effect of treatment (F(1, 27) = 5.31, p < 0.05), but neither the
main effect of genotype nor the genotype × treatment interaction was significant (Fig. 6).
Repeated nicotine administration decreased the ratio of pERK2/β-tubulin in F344 rats (F(1,
14) = 7.05, p < 0.05), but not in the HIV-1Tg rats (F(1.14) = 0.51, p > 0.05).

3.3.3. VTA—There was no change in total and phosphorylated ERK and CREB, or in the
levels of TH observed in the VTA following nicotine administration. Regarding the ratio of
pERK2/β-tubulin, two-way ANOVA revealed a significant main effect of treatment (F(1,
27) = 4.45, p < 0.05), but neither the main effect of genotype nor the genotype × treatment
interaction was significant (Fig. 7). Repeated nicotine administration produced a decreased
ratio of pERK2/β-tubulin in HIV-1Tg rats (F(1, 14) = 6.74, p < 0.05), but not in the F344
rats (F(1.14) = 0.34, p > 0.05).

4. Discussion
The present findings demonstrate that genetically expressed HIV-1 viral proteins alter the
sensitivity of the locomotor effects of repeated nicotine administration. HIV-1Tg rats
exhibited diminished locomotor activity during habituation to a novel context and showed
an attenuation of nicotine-induced behavioral sensitization. Importantly, the basal levels of
pCREB and pERK2 in the PFC were lower in the HIV-1Tg saline group compared to F344
saline controls. Following repeated nicotine administration, the levels of pCREB and
pERK2 in PFC were decreased in F344 rats, but increased in HIV-1Tg rats, suggesting
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opposite effects of nicotine on these phosphorylated signaling proteins. In addition, repeated
nicotine administration decreased pERK2 levels in the NAc of F344 rats and this effect was
also observed in the VTA of HIV-1Tg rats. Thus, HIV-1 viral protein-induced alterations in
the CREB and ERK signaling pathway in the mesocorticolimbic DA system appear to have
played a role in the locomotor effects of repeated nicotine in HIV-1Tg rats.

Regarding the behavioral portion of the experiment, we observed that HIV-1Tg rats
exhibited alterations in locomotor activity during both the habituation and behavioral
sensitization phases of the experiment. First, the transgenic rats showed less activity during
day 1 of habituation compared to F344 rats, indicating that the novelty of the initial context
exposure produced less activity in the transgenic rats relative to control rats. This difference
in habituation between the HIV-1Tg and F344 rats was transient, as the transgenic rats did
not continue to exhibit the blunted locomotor response, relative to F344 controls, on either
day 2 of habituation or on the saline baseline measure. A recent study reported HIV-1Tg rats
exhibited less rearing and head movement activity compared to F344 rats following repeated
saline injections (Liu et al., 2009), but these differences did not reach significance in another
report (Kass et al., 2010). The lower baseline activity exhibited by HIV-1Tg rats in the
present study and reported by Liu et al. (2009) appear to be the result of manipulation of
dopaminergic system by genetically expressed viral proteins (Fink and Smith, 1980).
Indeed, HIV-1Tg rats exhibited increased expression of D1 receptors in the PFC (Liu et al.,
2009) and a decrease in DAT mRNA (Webb et al., 2010). These studies are consistent with
clinical studies showing a significant reduction of DAT density in the putamen and ventral
striatum in HIV-1 infected patients (Chang et al., 2008; Wang et al., 2004). In addition, D1
expression has been reported to be negatively correlated with baseline locomotor activity
observed in D1 receptor-deficient mice (El-Ghundi et al., 2010). Thus, our behavioral data
indicate that the attenuated habituation curve in HIV-1Tg rats is related to neural adaptations
produced by HIV-1 viral proteins, and that this transient effect represents an attenuation of
activity in response to the novelty of the locomotor activity chambers.

The induction of nicotine-induced behavioral sensitization was altered in transgenic rats as
well. In this study, enhanced locomotor activity was observed in both genotypes across days
following repeated nicotine administration. Although no difference in acute nicotine-
induced activity between the two genotypes was observed on day 1, the HIV-1Tg group
displayed reduced nicotine-induced locomotor activity during the later days, i.e., 13–19,
relative to the nicotine-treated F344 group. Thus, although transgenic rats showed a blunted
response to repeated nicotine exposure during the induction of sensitization, those animals
did not exhibit a deficit in developing behavioral sensitization. Rather, HIV-1Tg rats
exhibited less sensitivity to the repeated effects of nicotine, and this deficit may contribute to
an alteration in nAChR-mediated dopamine neurotransmission. In accord with these
behavioral data, we recently found that HIV-1Tg rats had lower IC50 values for [3H]nicotine
binding with 5-fold rightward shift of the nicotine concentration curve, compared to F344
controls (unpublished data). Similarly, previous research showed that intra-accumbal Tat
infusion attenuated cocaine-induced behavioral sensitization in rats (Harrod et al., 2008),
suggesting that the viral protein Tat is involved in the altered behavioral response to
psychostimulant drugs. Together, the results indicate that the HIV-1Tg rats are a pertinent
model to investigate how chronic exposure to viral proteins and nicotine alter dopaminergic
pathways that mediate motivated behavior.

Notably, although behavioral sensitization is a sensitive measure for the influence of
psychostimulants on the mesocorticolimbic system (Berridge, 2007), it does not measure
drug reward. Thus, predictions regarding cigarette smoking in HIV-1 positive individuals
are limited. Given that two behavioral models of viral protein exposure produced diminished
psychostimulant-induced behavioral sensitization (Harrod et al., 2008), it is suggested that
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cigarette smoking by HIV-1 positive individuals will produce alterations in motivated
behavior due to the interplay of nicotine exposure and HIV viral proteins within the
mesocorticolimbic DA system.

Previous research suggests the possibility that the sensitization of one type of behavior, like
rearing, could result in the decrease of another behavior, such as horizontal activity
(Iwamoto, 1984; Jerome and Sanberg, 1987; Ksir, 1994; Reid et al., 1998). That the
attenuation of total horizontal activity exhibited by the HIV-1Tg rats was diminished in
response to the emergence of a competing behavior like rearing or stereotypy, however, is
not likely. First, our automated activity chambers measure rearing as all beam breaks in the
vertical plane. In the present experiment, there were no effects or interactions with the factor
of genotype so the data are not shown; however, animals progressively exhibited
sensitization and both genotypes showed asymptotic levels by day 7. Thus, rearing did not
emerge on days 11–19, which corresponds to the treatment days that transgenic rats
exhibited less nicotine-induced total horizontal activity. Although nicotine-induced
sensitization of stereotypy has been reported (Reid et al., 1998), it is not a consistent finding
(Harrod et al., 2004; Harrod et al., 2008; Jerome and Sanberg, 1987; Ksir, 1994). We did not
use observational procedures in the present experiment, so the levels of nicotine-induced
stereotypy were not determined. Our previous studies, which used a combination of
automated and observational procedures, show that repeated nicotine or cocaine injection
induced sensitization of horizontal activity and rearing incidence, but not of stereotypy
(Harrod et al., 2004; Harrod et al., 2008). It is unlikely that the attenuation of total horizontal
activity observed for the HIV-1Tg rats is attributable to an emergence of stereotypic
behavior.

The present results show that animals injected with nicotine, regardless of genotype,
exhibited increased locomotor activity during pre-injection habituation, which was
particularly evident on days 13–15. Rats in the saline control groups showed steady activity
across the 19 day period. The increase in activity in the nicotine treated groups likely
represents drug-induced conditioned hyperactivity, which is well documented to be
mediated by Pavlovian conditioning processes (Anagnostaras and Robinson, 1996; Bevins
and Palmatier, 2003). Repeated psychostimulant injection within the same context allows for
contextual cues to function as a conditional stimulus, and the drug effect, e.g., hyperactivity,
to act as an unconditional stimulus (Anagnostaras and Robinson, 1996). In the present
experiment, repeated context-nicotine pairings support the standard associative model
described above, and exposure to the chamber prior to daily drug injection represents
presentation of the conditional stimulus, or the context alone, without the influence of the
unconditional stimulus. Our results indicate that after being placed in the context,
hyperactivity, which is similar to the unconditional stimulus effects of repeated nicotine,
was observed and there were no effects of genotype on this effect.

The second part of the experiment determined levels of transcriptional factors throughout
the mesocorticolimbic DA system in nicotine sensitized HIV-1 rats relative to F344 controls.
First, HIV-1Tg-saline rats exhibited lower basal levels of pCREB and pERK2 in the PFC,
but not in the VTA or NAc, compared to F344-saline controls. These findings suggest that
viral proteins produced a neurobiological adaptation in ERK and CREB signaling in the
PFC. The observed changes in signaling have implications for the functionality of the
mesocorticolimbic DA system. For example, neuronal firing elicits ERK activity in the brain
of rats (Davis et al., 2000; Thiels et al., 2002; Ying et al., 2002), whereas blocking ERK
activity decreases the firing rate of DA neurons (Iniguez et al., 2010). Increased tonic release
of DA enhances ERK activity, which is attenuated in DA D1 receptor mutant mice (Chen
and Xu, 2010). Further, deletion of DA D1 receptors in mice produces higher pCREB levels
in the striatum (El-Ghundi et al., 2010), suggesting that CREB phosphorylation is stimulated
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by DA D1 receptor activation. ERK activation is coupled to activation of CREB (Nakayama
et al., 2001; Ying et al., 2002) and, in turn, supports adaptive processes such as long-term
potentiation and psychostimulant-induced sensitization (DiRocco et al., 2009; Ying et al.,
2002). It has been reported that Tat, gp120 and other viral proteins have higher expression in
the PFC compared to other brain regions of HIV-1Tg rats (Peng et al., 2010). Thus, the
lower basal levels of pERK2 and pCREB could contribute to the differences in DA D1
receptor expression that was previously reported between HIV-1Tg rats and the F344
controls (Liu et al., 2009). Moreover, although the regional high expression of these viral
proteins may contribute to the PFC-specific changes of pERK2 and pCREB, it is also
possible that these signaling proteins in PFC are more sensitive to HIV-1 viral protein insult.
Together, the molecular data show that the basal levels of particular transcriptional factors,
which are implicated in the regulation of mesocorticolimbic function, are altered in
HIV-1Tg animals.

Repeated nicotine administration significantly decreased pCREB in the PFC of F344-
nicoitne rats compared to F344-saline group. Although delivering chronic nicotine through
drinking water increased the ratio of pCREB/CREB in the PFC in C57BL/6J mice (Brunzell
et al., 2003), another report showed that the levels of CREB and pCREB were decreased in
the cortex of rats 18 h after withdrawal from repeated administration of 2 mg/kg of nicotine
(Pandey et al., 2001). Thus, nicotine-mediated regulation of CREB activity is largely
dependent on the species, dosage, route of administration, and the time needed to harvest
brains (Brunzell et al., 2003; Pandey et al., 2001). The current results show that repeated
nicotine increased pCREB in cortical tissue of HIV-1Tg rats, with no change in CREB. This
finding is interesting for two reasons. First, F344 rats exhibited decreased pCREB following
repeated nicotine administration, and second, the nicotine-induced increase in pCREB
occurred despite lower basal levels of this transcription factor in HIV-1Tg rats relative to
F344 controls. This suggests that the processes that mediate the lower basal levels of
pCREB in the transgenic rats do not prevent repeated nicotine from regulating CREB
signaling. Rather, the current results suggest that nicotine and HIV-1 viral proteins act
synergistically to alter CREB signaling in the PFC. Decreased CREB activity is associated
with an increase in drug reward and food preference (Carlezon et al., 1998). In general, this
suggests that an aberrant decrease in CREB activity, as is shown in the present experiment,
may negatively impact normal function of the mesocorticolimbic DA system. Determining if
PFC CREB activity is also implicated in the reduced rate of nicotine-induced reward in
HIV-1Tg rats is of future interest.

Regarding the ERK experiments, we observed significant alterations in pERK2 levels in the
PFC, NAc, and VTA with no change in ERK1, ERK2, or pERK1 in either HIV-1Tg or F344
rats. Notably, the overall levels of pERK2 in the PFC were similar to those changes
observed with pCREB in the PFC. Basal levels of pERK2 from the HIV-1Tg-Saline rats
were lower than that of the F344-Saline rats, which indicates that the presence of viral
proteins reduces pERK2 in the PFC. Following repeated nicotine injection, F344 animals
exhibited a trend for decreased pERK2 relative to F344-Saline rats, whereas HIV-1Tg
showed increased pERK2 relative to their saline controls. Regarding the VTA, basal pERK2
levels did not differ by genotype in the saline control group, but repeated nicotine decreased
this transcriptional factor in HIV-1Tg rats relative to the saline controls. In the NAc,
however, there were no differences between levels of pERK2 in the HIV-1Tg-Nic and
HIV-1Tg-Saline rats, but the nicotine sensitized F344 rats exhibited decreased pERK2
relative to controls. This is consistent with the diminished pCREB levels observed in the
PFC of HIV-1Tg rats, and this result indicates that viral proteins manipulate ERK signaling
in a region specific manner.
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Our results suggest that viral protein-induced changes in ERK phosphorylation may
exacerbate the plasticity related to the magnitude of the attenuated nicotine-induced
sensitization observed in the behavioral part of our experiment. This conclusion is supported
by recent reports (Girault et al., 2007; Iniguez et al., 2010; Valjent et al., 2006; Valjent et al.,
2005). For example, blocking ERK1/2 activity by SL327, a selective inhibitor of mitogen-
activated protein kinase, prevented the induction of locomotor sensitization by repeated
injection of cocaine or amphetamine (Valjent et al., 2006; Valjent et al., 2005). Further,
discrete manipulation of ERK2 within the VTA, using a viral-mediated dominant negative
mutant of ERK2, blunted the expression of cocaine-induced behavioral sensitization
(Iniguez et al., 2010). The current findings suggest that low levels of prefrontal pERK2 may
contribute to the blunted nicotine-induced locomotor activity observed in transgenic rats.
Thus, the present study provides evidence that HIV-1 viral proteins impair ERK signaling,
thereby contributing to the long-term behavioral changes induced by repeated nicotine.
Additional research is needed to elucidate the role of HIV-1 viral proteins on ERK and
CREB signaling in the PFC on nicotine reward. As mentioned above, whether the combined
effects of nicotine and HIV-1 viral proteins alter the rewarding effects of nicotine cannot be
inferred from the present experiment. Nonetheless, these findings further indicate that HIV-1
positive individuals who smoke cigarettes may experience a synergistic effect of viral
proteins and nicotine on transcriptional factors that regulate mesocorticolimbic function.

The current study found no differences in basal TH levels regardless of region or genotype,
which is consistent with the findings of a recent report showing no change in protein levels
of TH in the striatum of naive HIV-1Tg rats (Webb et al., 2010). Notably, regardless of the
nicotine-induced changes in pCREB and pERK in the PFC, repeated nicotine injection did
not alter the level of TH in any region. This is in contrast to the findings of Brunzell et al.
who reported that chronic nicotine exposure in drinking water increased TH levels in the
PFC in mice 1.5 h after the last nicotine injection; an increase that returned to normal levels
24 h after withdrawal (Brunzell et al., 2003). The discrepant findings between the current
and previous experiments may be related to differences in species and in the route of
nicotine administration. However, a recent report showed that in vitro exposure to nicotine
only increased TH mRNA levels of mouse midbrain slices within 1 hour, but did not change
TH protein for different periods of time up to 48 hours (Radcliffe et al., 2009). Hence, it is
possible that nicotine stimulation transiently changes transcriptional TH levels, without
changing the protein levels of TH.

In conclusion, the current results suggest that genetically expressed HIV-1 viral proteins in
rats diminish basal expression levels of pERK2 and pCREB in the PFC, which may explain,
at least in part, the low baseline locomotor activity of HIV-1Tg rats. The opposite effects of
nicotine on pERK2 and pCREB in the PFC between HIV-1Tg rats and F344 rats may play a
role in the blunted locomotor response to repeated administration of nicotine noted in
HIV-1Tg rats. Determining how HIV-1 viral proteins and nicotine influence ERK and
CREB signaling in the mesocorticolimbic system will be important to understand why
HIV-1 positive individuals exhibit increased vulnerability for nicotine addiction.
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Figure 1.
Body weight of HIV-1Tg and F344 rats during the nicotine or saline treatment period.
Beginning at 12 weeks of age, rats were injected subcutaneously with nicotine or saline prior
to locomotor measurement. Data are presented as the mean ± S.E.M. n=8 rats per group.
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Figure 2.
The time-course data during the habituation and the saline baseline sessions. Panels A and B
show the total horizontal activity (mean ± S.E.M.) during the first 30 min of the habituation
period. Panel C shows the total horizontal activity (mean ± S.E.M.) across the first 30 min of
the session following saline injection. * p < 0.05, difference between HIV-1Tg and F344 rats
at the corresponding time interval. n=8 rats per group.
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Figure 3.
The time-course data during the behavioral sensitization phase. HIV-1Tg and F344 rats were
administered nicotine (Nic; 0.35 mg/kg; s.c.) or saline (Sal) on Days 1–19. Panel A shows
the total horizontal activity (mean ± S.E.M.) during the 30 min pre-injection habituation
period. Panel B shows the total horizontal activity (mean ± S.E.M.) during the 60 min
following nicotine or saline injection. n=8 rats per group.
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Figure 4.
The time-course data for total horizontal activity during day 1 and day 19 of the behavioral
sensitization phase. Panels A and B show the total horizontal activity (mean ± S.E.M.)
across the 60-min session. Panels C and D show the time course of the total horizontal
activity (mean ± S.E.M.) during each 5-min time interval. * p < 0.05 difference between
HIV-1Tg and F344 rats. # p < 0.05 difference between nicotine- and saline-treatment group.
n=8 rats per group.
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Figure 5.
Levels of ERK, CREB and TH proteins in the PFC in HIV-1Tg and F344 rats. (A)
Representative western blots showing the protein density of CREB, pCREB, ERK1/2,
pERK1/2, TH and β-tubulin in nicotine or saline treated HIV-1Tg (HIV-1Tg-Nic, HIV-1Tg-
Sal) and F344 rats (F344-Nic, F344-Sal). (B) Total and phosphorylated protein levels of
ERK1, ERK2 and CREB along with levels of TH after chronic nicotine or saline injection.
Ratios are presented as the mean percentage of β-tubulin ± S.E.M. * p < 0.05 difference
between HIV-1Tg and F344 rats. # p < 0.05 difference between the nicotine- and saline-
treatment groups. n=8 rats per group.
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Figure 6.
Levels of ERK, CREB and TH proteins in the NAc in HIV-1Tg and F344 rats. (A)
Representative western blots showing the protein density of CREB, pCREB, ERK1/2,
pERK1/2, TH and β-tubulin in the nicotine or saline treated HIV-1Tg (HIV-1Tg-Nic,
HIV-1Tg-Sal) and F344 rats (F344-Nic, F344-Sal). (B) Total and phosphorylated protein
levels of ERK1, ERK2 and CREB along with levels of TH after chronic nicotine or saline
injection. Ratios are presented as the mean percentage of β-tubulin ± S.E.M. # p < 0.05
difference between the nicotine- and saline-treatment groups. n=8 rats per group.
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Figure 7.
Levels of ERK, CREB and TH proteins in the VTA in HIV-1Tg and F344 rats (A)
Representative western blots showing the protein density of CREB, pCREB, ERK1/2,
pERK1/2, TH and β-tubulin in the nicotine or saline treated HIV-1Tg (HIV-1Tg-Nic,
HIV-1Tg-Sal) and F344 rats (F344-Nic, F344-Sal). (B) Total and phosphorylated protein
levels of ERK1, ERK2 and CREB along with levels of TH after chronic nicotine or saline
injection. Ratios are expressed as the mean percentage of β-tubulin ± S.E.M. # p < 0.05
difference between the nicotine- and saline-treatment group. n=8 rats per group.
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