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Abstract Abuse of addictive substances, including cigarettes,
is much greater in HIV-1-infected individuals than in the gen-
eral population and challenges the efficiency of highly active
anti-retroviral therapy (HAART). The HIV-1 transgenic (HIV-
1Tg) rat, an animal model used to study drug addiction in
HIV-1-infected patients on HAART, displays abnormal neu-
robehavioral responses to addictive substances. Given that the
cholinergic system plays an essential part in the central reward
circuitry, we evaluated the expression profile of nine nicotinic
acetylcholine receptor (nAChR) subunit genes in the central
nervous system (CNS) of HIV-1Tg rats. We found that
nAChR subunits were differentially expressed in various brain
regions in HIV-1Tg rats compared to F344 control rats, with
more subunits altered in the ventral tegmental area (VTA) and
nucleus accumbens (NAc) of the HIV-1Tg rats than in other
brain regions. We also found that chronic nicotine treatment
(0.4 mg/kg/day) decreased the mRNA expression of nAChR
subunitsα6,β3, and β4 in the VTA of HIV-1Tg rats, whereas
expression of α4 and α6 subunits in the NAc increased. No
such changes were observed in F344 rats. Together, our data
suggest that HIV-1 proteins alter the expression of nAChRs,

which may contribute to the vulnerability to cigarette smoking
addiction in HIV-1 patients.
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Introduction

Abuse of addictive substances is prevalent in the HIV-1-
infected population and increases the risk of morbidity and
mortality. About 80% of individuals infectedwithHIV-1 have
used illicit drugs, and 25% of this patient population is in need
of treatment for alcohol and illicit drug abuse (SAMHSA
2010). Substance use and abuse are considered to be the two
main risk factors in the spread of HIV-1 infection and accele-
rate the rate of progression to AIDS and the development of
HIV-1-associated neurocognitive disorders (HAND) (Des
Jarlais et al. 1992). Further, several studies have revealed an
association between active drug use and poor adherence to
antiretroviral therapy in HIV-1-infected patients which in-
creased HIV/AIDS-associated morbidity and mortality
(Mellins et al. 2009). For example, the prevalence of cigarette
smoking is almost threefold higher in HIV-1 patients com-
pared to the general population (Mamary et al. 2002), and
smoking is defined as one of the major risk factor for non-
AIDS-related mortality among HIV-1-infected individuals.
Cigarette smoking increases the risk of lower respiratory tract
infection, chronic obstructive pulmonary disease, lung cancer,
and cardiovascular disease in HIV-1-positive patients
(Rahmanian et al. 2011). These smoking-related diseases be-
come major causes of mortality in HIV-1-infected individuals
whose HIV-1 infection is under control with highly active
anti-retroviral therapy (HAART) (Helleberg et al. 2013).
Thus, it is important to understand the neuronal mechanisms
that maintain nicotine dependence in HIV-1-infected patients;
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such understanding would help to develop effective pharma-
cological treatments for smoking cessation.

Nicotinic cholinergic signaling at nicotinic acetylcholine
receptors (nAChRs) plays an important role in the regulation
of the central reward pathway (Tuesta et al. 2011). The
mesocorticolimbic dopaminergic projections from the ventral
tegmental area (VTA) to corticolimbic brain regions are con-
sidered to be a major common pathway for addiction. Because
of their effects on mesolimbic dopamine transmission,
nAChRs modulate the reinforcing effects of drugs of abuse
such as cocaine, amphetamines, alcohol, cannabinoids, and
opiates (Tuesta et al. 2011). Neuronal nAChRs have diverse
expression profiles in the mesolimbic system, and they mod-
ulate the afferent and efferent connections in the VTA-NAc
dopaminergic system (Pierce andKumaresan 2006). The VTA
receives glutamatergic, GABAergic, and cholinergic afferents
from the cortical regions, such as the prefrontal cortex (PFC),
hippocampus (HIP), hypothalamus (HYPO), and later dorsal
tegmentum (LDT), which provide important substrates for
pathophysiology of addiction. The afferents to the NAc are
the richest in dopamine followed by GABAergic and gluta-
matergic afferents from the VTA and PFC, respectively. The
cellular localization and subunit composition of nAChRs vary
on afferent and efferent connections of the VTA-NAc circuit-
ry, which impact on the function of the brain’s reward system
and addictive properties of drugs.

Nicotine, the major psychoactive component in tobacco
smoke, exerts its central actions on the brain’s reward system
after binding to nAChRs (Galzi and Changeux 1995; Leonard
and Bertrand 2001; Leslie et al. 2013). These nAChR subunits
arrange in various homomeric and heteromeric combinations
of 12 different nAChR subunits, includingα2-α10 andβ2-β4
in the mammalian brain. Typically, α7, α8, and α9 subunits
form homopentameric complexes lacking β subunits, and the
α2–α6 containing subunits form heteropentameric complexes
with β2-β4 subunits in the CNS (Galzi and Changeux 1995;
Leonard and Bertrand 2001). The most abundant subtypes in
the brain are α4, β2, and α7 subunits and followed by α3 and
α5 subunits. Studies have shown that brain region differences
in the messenger RNA (mRNA) expression levels of nAChRs
can be contributed to the differences in the configuration of
distinct receptor subunits and the cellular localization of the
receptors (Galzi and Changeux 1995; Leonard and Bertrand
2001; Leslie et al. 2013). However, because of a lack of re-
ceptor agonists and antagonists with selectivity for all putative
nAChR subtypes, the precise identification of functional
nAChR subtypes that regulate the behavioral and physiologi-
cal actions of nicotine in vivo remain to be further
investigated.

Recent human genetic studies have revealed the functional
importance of multiple nAChR subunits, such as the
CHRNA5/A3/B4 gene cluster on chromosome 15 (Bierut
2010; Li and Burmeister 2009; Tuesta et al. 2011; Wen et al.

2016) and CHRNA2/CHRNA6 on chromosome 8
(Culverhouse et al. 2014; Haller et al. 2012; Hoft et al.
2009; Saccone et al. 2009; Thorgeirsson et al. 2010; Wang
et al. 2014; Zeiger et al. 2008), in the etiology of smoking
dependence. A key role for nAChRs containing α4, α6, and
β2 subunits is implicated in regulating the positive reinforcing
effects of nicotine, whereas the presence of α5 subunit ap-
pears to prevent upregulation of receptors and regulate the
inhibitory effects of nicotine in vivo (Tuesta et al. 2011).
Studies in animal models of nicotine addiction provide addi-
tional information related to the effects of nicotine on the
nAChR functional regulation. Systemic injection of nicotine
leads to an upregulation of nAChRs in the mesocorticolimbic
pathways in rodents. The functional upregulation of nAChRs
in the mesolimbic pathway appears to be restricted to partic-
ular midbrain neurotransmitter systems (Nashmi and Lester
2007; Nashmi et al. 2007). In addition, Rowell and Li
(1997) reported that daily nicotine injections increased the
number of binding sites, whereas a parallel increase was not
observed in the mRNA levels of genes encoding nAChR sub-
units, suggesting a posttranslational effect of nicotine on its
molecular target. Recent advances in our understanding of
nicotine addiction have resulted in greater efficiency in
treating smokers among the general population (Cao et al.
2013; Midde et al. 2011; Nesil et al. 2015; Song et al. 2016;
Vigorito et al. 2013; Zhu et al. 2015). However, such progress
has not been achieved in the HIV-1-infected smoking popula-
tion. Therefore, it is critically important to investigate the ef-
fects of nicotine in an appropriate animal model in order to
explain the complex interactions between HIV-1 infection and
nicotine dependency in the brain.

The HIV-1 transgenic (HIV-1Tg) rat mimics several char-
acteristics of HIV-1-infected patients receiving HAART,
which inhibits viral replication without eliminating the pres-
ence of viral proteins (Peng et al. 2010). The HIV-1Tg rat
carries a gag-pol-deleted HIV-1 genome under the control of
HIV-1 viral long terminal repeats (LTRs) and expresses seven
of nine viral proteins (Homji et al. 2012b; Liu et al. 2009). The
HIV-1Tg rat develops symptoms similar to those of HIV-1-
infected humans, including deficits in learning and memory
(Reid et al. 2001; Vigorito et al. 2007), abnormal sensitivity to
psychostimulants such as ethanol, cocaine, morphine, and
methamphetamine (Homji et al. 2012a; Liu et al. 2009;
McIntosh et al. 2015; Moran et al. 2013; Sarkar and Chang
2013), and aberrant gene expression in the brain (Li et al.
2013). HIV-1Tg rats are more sensitive to the addictive prop-
erties of morphine and methamphetamine compared to F344
control strain rats (Homji et al. 2012b; Liu et al. 2009).
Previous studies have further shown that HIV-1Tg rats re-
spond differently to nicotine than do F344 control rats, both
at the behavioral and gene expression levels (Cao et al. 2013;
Midde et al. 2011; Nesil et al. 2015; Song et al. 2016; Vigorito
et al. 2013; Zhu et al. 2015). Together, these findings indicate
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that the cholinergic system is altered in the HIV-1Tg rat; how-
ever, the expression of nAChRs, in particular, in this animal
model has not been investigated. Thus, the primary purpose of
this study was to examine nAChR expression in the brain
regions involved in the neuronal reward circuitry of the
HIV-1Tg rats.

Materials and methods

Animals

Young adult (6–8 weeks old) male HIV-1Tg rats and F344
strain control rats were purchased from Harlan, Inc.
(Indianapolis, IN). All rats were group-housed in standard
plastic cages, maintained in a temperature-controlled environ-
ment with a 12-h light/dark cycle, and fed a standard rat diet
and water ad libitum. All experimental procedures were con-
ducted during the light cycle and approved by the Animal
Care and Use Committee of the University of Virginia.

Nicotine treatment and tissue collection

(−)-Nicotine hydrogen tartrate (Sigma-Aldich Corp., St Louis,
MO) was dissolved in 0.9 % physiological saline. F344 and
HIV-1Tg rats were injected subcutaneously (s.c.) with saline
or nicotine (0.4 mg/kg/day) once per day for 27 days before
tissue collection (Nesil et al. 2015; Song et al. 2016). The
concentration of nicotine was calculated as a nicotine-free
base. This dose of nicotine was determined based on Matta
et al. (2007) and based on our previous studies (Nesil et al.
2015; Song et al. 2016), which showed that 0.04-mg/kg
chronic injections of nicotine significantly induced alterations
at the transcriptional level in the brain regions of HIV-1Tg
rats. Using a rat brain matrix (Kent Scientific, Torrinton,
CT), 1-mm slices were taken from each brain. Slices that
contained the VTA, NAc, PFC, HIP, and hypothalamus
(HYP) were identified based on a rat brain atlas (Paxinos
and Watson 1998). Tissue from the brain regions of interest

was collected from each rat using a 1.5-mm brain punch
(Stoelting, Wood Dale, IL) and stored at −80 ° C until use.

qRT-PCR array

The primers for each nAChR subunit gene were designed
using Primer Express (v. 3.0) software (Applied Biosystems,
Carlsbad, CA) and spanned introns to avoid amplifying geno-
mic DNA. The amplicon sequences were subjected to a
BLAST search to ensure the specificity of the primers for
the target gene and were synthesized by Fisher Scientific
(Pittsburgh, PA). All of the primers were tested for their spec-
ificity by checking the cycle number and the dissociation
curve before inclusion in the qRT-PCR array. The primer se-
quences of each nAChR subunit gene are given in Table 1.

Total RNAwas extracted from the punched tissues of spe-
cific brain regions of each animal using TRIZol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. qRT-PCRwas conducted as previously described
(Cao et al. 2013; Li et al. 2004). Briefly, the RT product was
amplified in a volume of 10 μl containing 5 μl of 2× Power
SYBR Green PCR Master Mix (Applied Biosystems,
Carlsbad, CA) and a combination of 2.5 μl sense and anti-
sense primers at a final concentration of 250 nM in a 384-well
plate using the 7900HT Sequence Detection System (Applied
Biosystems, Carlsbad, CA). Expression of all nAChR subunit
genes was normalized to the expression of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). This gene is the most
stable internal control identified by Normfinder based on our
previous deep sequencing expression data (Cao et al. 2013).
Expression was then analyzed using a comparative Ctmethod
(Winer et al. 1999).

Statistical analysis

Data was analyzed using SPSS 22 (IBM, Armonk, NY). The
effects of strains and treatment on gene expression of each
subunit gene within each brain region were analyzed with

Table 1 Primer sequences for nAChR subunits used in quantitative RT-PCR assay

Gene symbol Subunit Gene name Forward primer (5’-3’) Reverse primer (5’-3’)

Chrna2 nAChR α2 CTGGTGCCAGCAGTGTTGAC GATTGTAGCCTCCAAACAGGTGTT

Chrna3 nAChR α3 TGGCTAATGTGTCCCATCCA TCAGCCACAGGTTGGTTTCC

Chrna4 nAChR α4 GCCAGTAGCCAATATCTCAGATGTG GTTCTTCTCGTCCACGTCAATG

Chrna5 nAChR α5 TGGCCTTGCGATATCTCAGTT CACATCTATCCATTCCTGCTTCAA

Chrna6 nAChR α6 GAAGCCTGACATCGTTCTGTATAATAA CGTACTTAAGAAGAGCTTTGGTCTTG

Chrna7 nAChR α7 CAGGCTATTGTCTGTATCTACCTCCAT TGCACATCAAAAGGGAACCA

Chrnb2 nAChR β2 ACTGTACAGCTCATGGTATCATTGG CCATGTGAGGCGGTAATCTTC

Chrnb3 nAChR β3 CCTAAGGGTCTTCTTGGTTCTCAGT GTCTGAGGAGTGCGTCTTCGT

Chrnb4 nAChR β4 CCTGAACAAAACCCGGTACAA GTTCTCGCTCATTCACACTGATG
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Multi-Way ANOVA. Significant group differences were fur-
ther examined by using post-hoc Bonferroni test.

Results

Expression of nAChR subunits in the VTA of HIV-1Tg
and F344 control rats

In the VTA (Fig. 1), there existed significant differences in
mRNA expression of nAChR subunits between strains, treat-
ments, and subunits (p<0.05 for all comparisons). The saline-
treated HIV-1Tg rats showed significantly lower expression of
α4 and α5 subunits (p<0.05), but higher expression of α6
(p< 0.05) and β4 (p< 0.01) subunits compared to saline-
treated F344 rats. Nicotine treatment significantly increased
the expression of the α2 subunit (p<0.01) and decreased the

expression of β2 (p<0.01) and α4 (p<0.001) subunits in the
F344 rats. In contrast, nicotine significantly decreased the ex-
pression of α6, β3, and β4 subunits (p<0.05) in HIV-1Tg
rats. Nicotine-treated HIV-1Tg rats showed lower expression
of α2 (p<0.001) and α4 (p<0.01) subunits compared to
nicotine-treated F344 rats.

Expression of nAChR subunits in the NAc of HIV-1Tg
and F344 control rats

In the NAc (Fig. 2), there also existed significant differences
in mRNA expression of nAChR subunits between strains,
treatments, and subunits (p<0.05 for all comparisons). The
saline-treated HIV-1Tg rats showed significantly lower ex-
pression of α4, α5, α6 (p<0.05 for all the three subunits),
and β2 (p<0.01) subunits compared to saline-treated F344
rats. Nicotine treatment significantly increased the expression

Fig. 1 A comparison of mRNA expression differences of nAChR
subunits α2–α7 (panel A) and β2–β4 (panel B) in the ventral
tegmental area (VTA) of HIV-1Tg rats and F344 control rats (n = 4–6
per group). The first type of comparisons shown in the figure is the
difference of either nicotine-treated or saline-treated HIV-1Tg rats
compared with F344 rats, where we used +, ++, and +++ to indicate the
p values of < 0.05, < 0.01, and < 0.001, respectively. The second type of
comparison shown in the figure is the effect of nicotine on HIV-1Tg rats
or on F344 background rats, where we use *, **, and *** to indicate a p
value of < 0.05, < 0.01, and < 0.001, respectively. FS saline-treated F344
rats, FN nicotine-treated F344 rats. HS saline-treated HIV-1Tg rats, HN
nicotine-treated HIV-1Tg rats

Fig. 2 A comparison of mRNA expression differences of nAChR
subunits α2–α7 (panel A) and β2–β4 (panel B) in the nucleus
accumbens (NAc) of HIV-1Tg rats and F344 control rats (n= 4–6 per
group). The first type of comparisons shown in the figure is the
difference of either nicotine-treated or saline-treated HIV-1Tg rats
compared with F344 rats, where we used +, ++, and +++ to indicate the
p values of < 0.05, < 0.01, and < 0.001, respectively. The second type of
comparison shown in the figure is the effect of nicotine on HIV-1Tg rats
or on F344 background rats, where we use *, **, and *** to indicate a
p values of < 0.05, < 0.01 and < 0.001, respectively. FS saline-treated
F344 rats, FN nicotine-treated F344 rats, HS saline-treated HIV-1Tg rats,
HN nicotine-treated HIV-1Tg rats
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of α4 and α6 subunits in the HIV-1Tg rats (p<0.01). In con-
trast, nicotine treatment did not significantly change the ex-
pression of nAChR subunits in F344 rats. Nicotine-treated
HIV-1Tg rats showed higher expression of the α6 subunit
(p<0.01) and lower expression of the β2 (p<0.001) subunit
compared to nicotine-treated F344 rats.

Expression of nAChR subunits in the PFC, HIP, and HYP
of HIV-1Tg and F344 control rats

There were significant differences in mRNA expression of
nAChR subunits between strains, treatments, and subunit
(p<0.05) in the PFC (Fig. 3). Saline-treated HIV-1Tg rats
showed significantly lower expression of the α5 subunit than
saline-treated F344 rats (p<0.05). Nicotine significantly in-
creased the expression of α6 and β2 subunits (p<0.05) in
F344 control rats. In contrast, nicotine did not significantly
change the expression of nAChR subunits in HIV-1Tg rats.

In the HIP (Table 2), HIV-1Tg rats treated with saline
showed significantly lower expression of the α6 subunit than
saline-treated F344 rats (p<0.05), whereas nicotine did not
change the expression of any subunit in either F344 or HIV-
1Tg rats. In the HYP, there existed significant strain difference
in the expression of α3 subunit (P=0.01, Table 3). Nicotine-
treated HIV-1Tg rats (Table 3) showed a significantly higher
expression of the α3 subunit than in the nicotine-treated F344
rats or in the saline-treated HIV-1Tg rats (p<0.01 for both
comparisons). In addition, nicotine-treated F344 rats showed
a significantly lower expression of the β2 subunit than the
saline-treated F344 or nicotine-treated HIV-1Tg rats
(p<0.05 for both comparisons).

Discussion

Our previous studies have showed that HIV-1Tg rats
responded to nicotine differently than F344 control rats in
aspects related to learning and memory (Nesil et al. 2015),
cellular response to oxidative stress (Song et al. 2016), and
gene expression in the brain (Cao et al. 2013; Li et al. 2013).
In the current study, we found that the cholinergic system was
also altered in HIV-1Tg rats. This was confirmed by the
unique mRNA expression of nAChR subunits in the HIV-
1Tg rat, especially in the limbic brain regions that are involved
in reward processing.

HIV-1 viral proteins alter nAChR subunit expression
in the mesocorticolimbic system

HIV-1Tg rats showed altered mRNA levels of nAChR sub-
units in the mesocorticolimbic dopaminergic system com-
pared to F344 control rats. We observed brain region- and
subunit- specific alterations in the expression of several sub-
unit genes in HIV-1Tg rats compared to F344 control rats.
Among the brain regions examined, the VTA, the origin of
dopaminergic neurons, and the NAc, one of the dopaminergic
terminals, in the HIV-1Tg rat exhibited more altered subunits
than other brain regions, such as the PFC and HIP. This sug-
gests that cholinergic modulation of mesoaccumbens dopa-
mine transmission is more vulnerable to HIV-1 proteins.
While a few previous studies have reported that gp120 can
directly bind to nAChRS and interfere with cholinergic neu-
rotransmitter system (Bracci et al. 1992; Gonzalez-Lira et al.
2006), there have been no reports on the interaction of other
HIV-1 proteins with nAChRs in the mammalian brain. Our
observed alterations in the expression of nAChR subunits in
the HIV-1Tg rats are most likely presenting the transcriptional
effects of multiple HIV-1 proteins in the mesocorticolimbic
system.

Expression of all altered subunits, including α4, α5, α6,
and β2, was decreased in the NAc of HIV-1Tg rats. The

Fig. 3 A comparison of mRNA expression differences of nAChR
subunits α2–α7 (panel A) and β2–β4 (panel B) in the prefrontal cortex
(PFC) of HIV-1Tg rats and F344 control rats (n= 4–6 per group). The first
type of comparisons shown in the figure is the difference of either
nicotine-treated or saline-treated HIV-1Tg rats compared with F344
rats, where we used +, ++, and +++ to indicate the p values of < 0.05,
< 0.01, and < 0.001, respectively. The second type of comparison shown
in the figure is the effect of nicotine on HIV-1Tg rats or on F344 back-
ground rats, where we use *, **, and *** to indicate a p values of < 0.05,
< 0.01, and < 0.001, respectively. FS saline-treated F344 rats, FN
nicotine-treated F344 rats, HS saline-treated HIV-1Tg rats, HN nicotine-
treated HIV-1Tg rats
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nAChRs containing α4, α6, and β2 subunits are important in
modulating dopamine transmission in the NAc and for nico-
tine self-administration (Exley et al. 2008, 2011; Pons et al.
2008). In contrast to the NAc, both up- and down-regulation
of subunit expression was observed in the VTA of HIV-1Tg
rats, with decreased expression of α4 and α5, and increased
expression of α6 and β4 subunits. Both α6 (non-α4)- and
α6α4-containing nAChRs were identified in the VTA and
were reported to be involved in the activation of dopamine
neurons (Zhao-Shea et al. 2011). Given the important role of
cholinergic modulation on the central reward circuitry, alter-
ations in nAChR subunit mRNA expression is a possible
mechanism underlying the increased vulnerability to drug ad-
diction in HIV-1-infected patients.

Nicotine-induced alterations in nAChRmRNA expression

Chronic nicotine treatment altered more subunits in the VTA
and NAc than in any other brain regions in both F344 and
HIV-1Tg rats, indicating that mesolimbic dopamine transmis-
sion is more sensitive to cholinergic modulation. Chronic nic-
otine treatment down-regulated the expression of subunitsα6,
β3, and β4 in the VTA, but up-regulated the expression of
subunits α4 and α6 in the NAc of HIV-1Tg rats. Since α6

containing nAChRs dominate the effects of nicotine on DA
release in the NAc (Exley et al. 2008), the increased α6 ex-
pression in the NAc of HIV-1Tg rats indicates that nAChRs
play a role in modulating dopamine neuronal activity and
vulnerability to nicotine-induced neurobehavioral abnormali-
ties (Leslie et al. 2013). Even though chronic nicotine treat-
ment significantly decreased the expression of nAChR sub-
units α6, β3, and β4 in the VTA of HIV-1Tg rats, no expres-
sion differences of the three subunits were detected between
HIV-1Tg and F344 strains. This indicates that the expression
differences of these three subunits might be less related to the
observed strain differences regarding the molecular alterations
that affect the reinforcing and rewarding effects of nicotine in
the HIV-1Tg rats. On the other hand, it could also indicate that
nicotine restores the function of nAChRs in the VTA, as we
reported previously on this animal model treated with nicotine
(Cao et al. 2013).Most of the subunit genes were differentially
expressed in the saline-treated HIV-1Tg compared to the
saline-treated F344 control rats. These findings indicate that
chronic nicotine treatment restores the expression of some of
these subunits in the HIV-1Tg rat. However, not all of the
nAChR subunits were able to Brestored^ by nicotine. The
altered subunits by nicotine in the HIV-1Tg rats were not
significantly changed in the F344 rats and vice versa,

Table 2 nAChR subunit mRNA
expression in the hippocampus of
HIV-1Tg and F344 rats treated
with nicotine or saline

nAChR subunit F344_saline F344_nicotine HIV-1Tg_saline HIV-1Tg_nicotine

α2 1.31 ± 0.38 2.48± 0.71 2.01± 0.51 1.30 ± 0.24

α3 1.12 ± 0.26 1.21± 0.29 1.23± 0.29 0.41 ± 0.08

α4 1.24 ± 0.34 1.40± 0.36 1.33± 0.41 0.83 ± 0.19

α5 1.04 ± 0.14 1.23± 0.23 0.88± 0.05 0.76 ± 0.04

α6 1.44 ± 0.65 0.63± 0.10 0.39± 0.09a 0.26 ± 0.07

α7 1.22 ± 0.34 2.15± 0.62 1.66± 0.42 2.49 ± 0.53

β2 1.04 ± 0.13 1.26± 0.20 1.02± 0.18 0.81 ± 0.09

β3 1.65 ± 0.67 1.69± 0.73 1.25± 0.29 0.82 ± 0.18

β4 1.03 ± 0.12 1.37± 0.17 1.20± 0.09 0.88 ± 0.18

a p< 0.05 strain differences in same drug treatment

Table 3 nAChR subunit mRNA
expression in the hypothalamus of
HIV-1Tg and F344 rats treated
with nicotine or saline

nAChR subunit F344_saline F344 nicotine HIV-1Tg_saline HIV-1Tg_nicotine

α2 1.10± 0.19 1.24± 0.18 1.18 ± 0.21 0.94 ± 0.34

α3 1.15± 0.25 0.83± 0.18 1.02 ± 0.24 2.40 ± 0.40a,**

α4 1.01± 0.07 0.98± 0.11 1.70 ± 0.27 1.87 ± 0.40

α5 1.06± 0.15 0.86± 0.10 0.91 ± 0.18 0.79 ± 0.18

α6 1.73± 0.65 0.81± 0.53 1.77 ± 1.03 3.81 ± 2.12

α7 1.48± 0.69 0.37± 0.08 1.70 ± 0.79 1.29 ± 0.45

β2 1.02± 0.08 0.69± 0.08* 0.91 ± 0.11 1.01 ± 0.10a

β3 1.28± 0.33 2.04± 0.91 1.09 ± 0.22 1.88 ± 0.66

β4 1.01± 0.07 0.77± 0.10 1.01 ± 0.10 1.06 ± 0.15

* p< 0.05; ** p< 0.01 drug effect in same strain
a p< 0.01 strain differences in same drug treatment
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suggesting that chronic nicotine treatment affects expression
of different nAChR subunits in the brain with the presence or
absence of HIV-1 proteins.

To increase the statistical power for detecting significantly
expressed genes and minimizing individual variations be-
tween experimental groups, only male rats were used in this
study. Future studies should be conducted on female rats in
order to determine the possible gender differences on the ex-
pression of nAChR subunit genes in the HIV-1Tg rats treated
with and without nicotine. Given that only the expression at
RNA level was investigated in this study, it remains to be
determined whether these expression differences of different
nAChR subunits can be detected at the protein level.
However, compared with the approaches used for RNA pro-
filing, it would be much more challenging to profile protein
expression because of limited tissue collected from specific
brain region of each individual rat and agents required for
assaying protein expression level of such a complicated recep-
tor family. Thus, it was our primary objective in this study to
determine an expression profile of different nAChR subunits
at the RNA level first such that we can design specific study
targets for specific receptor subtypes in future studies.

In summary, our data show that the expression of nAChRs
is altered in the HIV-1Tg rat. HIV-1 proteins could, thus, alter
the sensitivity to addictive substances by modifying nAChRs
in brain regions controlling the central neuronal reward path-
way. Identification of nAChR subtypes in the midbrain dopa-
minergic pathways has a potential translational value for the
development of therapies for HIV-associated neurocognitive
disorders.
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