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Abstract
Even though nicotine has been shown to modulate mRNA expression of a variety of genes, a
comprehensive high-throughput study of the effects of nicotine on the tissue-specific gene
expression profiles has been lacking in the literature. In this study, cDNA microarrays containing
1117 genes and ESTs were used to assess the transcriptional response to chronic nicotine
treatment in rat, based on four brain regions, i.e. prefrontal cortex (PFC), nucleus accumbens
(NAs), ventral tegmental area (VTA), and amygdala (AMYG). On the basis of a non-parametric
resampling method, an index (called jackknifed reliability index, JRI) was proposed, and
employed to determine the inherent measurement error across multiple arrays used in this study.
Upon removal of the outliers, the mean correlation coefficient between duplicate measurements
increased to 0.978±0.0035 from 0.941 ±0.045. Results from principal component analysis and
pairwise correlations suggested that brain regions studied were highly similar in terms of their
absolute expression levels, but exhibited divergent transcriptional responses to chronic nicotine
administration. For example, PFC and NAs were significantly more similar to each other (r=0.7;
P<10−14) than to either VTA or AMYG. Furthermore, we confirmed our microarray results for
two representative genes, i.e. the weak inward rectifier K+ channel (TWIK-1), and phosphate and
tensin homolog (PTEN) by using real-time quantitative RT-PCR technique. Finally, a number of
genes, involved in MAPK, phosphatidylinositol, and EGFR signaling pathways, were identified
and proposed as possible targets in response to nicotine administration. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction
Nicotine is believed to be the primary component in tobacco smoke, which rewards habitual
smoking. Animal studies have indicated that nicotine stimulates dopamine secretion in the
outer shell of the nucleus accumbens (NAs) in a manner similar to that of cocaine,

*Corresponding author. Tel.: +1-901-448-6019; fax: +1-901-448-7206. mdli@utmem.edu (M.D. Li).

NIH Public Access
Author Manuscript
Brain Res. Author manuscript; available in PMC 2011 May 20.

Published in final edited form as:
Brain Res. 2001 August 3; 909(1-2): 194–203.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



amphetamine, and morphine [38]. Moreover, nicotine was shown to increase the
extracellular levels of excitatory amino acids, glutamate and aspartate, in the ventral
tegmental area (VTA) upon stimulation of nicotinic acetylcholine receptors (nAChRs) [46].
Involvement of nicotine in both dopaminergic and glutamergic neurotransmission may
underlie its addictive potential and association with neuropsychiatric disorders, such as
Alzheimer’s disease (AD), Parkinsonism, and Schizophrenia [7,33].

Previous studies have demonstrated that nicotine administration modulates expression level
of a variety of genes, including those involved in the catecholamine and neuropeptide
synthesis, and transcriptional activation. For example, acute single injection of nicotine was
reported to increase mRNA levels of tyrosine hydroxylase, a rate-limiting step in
catecholamine synthesis, in NAs and VTA [6,49]. Chronic exposure to nicotine induced
long-term increases in the mRNA expression levels of genes involved in the regulation of
food intake and energy expenditure, such as neuropeptide Y (NPY), orexins, and their
receptors [27,22]. Similar to other addictive substances, such as cocaine and alcohol,
nicotine also was shown to induce immediate early gene expression, e.g. c-fos, jun-B, in
various brain regions [18,53,34,37]. Upon nicotine administration, Fos immunoreactivity
was induced particularly in the accessory optic system [36,35,39] and the mesocorticolimbic
system [43,44]. Nevertheless, a comprehensive mRNA expression profiling in regards to
nicotine treatment is yet to be performed. Clearly, the characterization of region-specific
response to nicotine using high-throughput mRNA expression data may further enhance our
knowledge of the mechanisms involved in nicotine addiction/withdrawal as well as the
pharmacological links between nicotine and neural degeneration.

DNA chip technology makes possible to obtain gene expression data on thousands of genes
simultaneously. Consequently, cDNA microarrays have been used to analyze differential
expression of genes in various contexts and organisms, e.g. differentiation and development
[50], disease diagnosis [15,1], and drug discovery [20,55]. Majority of the microarray data
analysis in the literature was performed using clustering techniques that allow grouping of
genes with similar expression profiles [15,10]. These analyses allow for the identification of
regulatory mechanisms that are common to genes with similar expression patterns as well as
the allocation of unknown genes to known functional gene groups. Recent studies also
revealed that expression profiling in response to a pharmacological agent is crucial for
identifying candidate genes as possible drug targets [20].

In this study, we used a neural-focused cDNA microarray, which contains 1117 unique
genes and ESTs, to characterize (a) the extent of regional differentiation in brain gene
expression of saline-control rats, and (b) transcriptional response to chronic nicotine in rat
brain. We also analyzed the reliability of our microarray data, and developed an index to
normalize the error associated with printing and hybridization across multiple arrays.

2. Materials and methods
2.1. Production of microarrays

A set of 1117 known genes and ESTs were selected from 15K human cDNA set (Research
Genetics, AL) based on their expression patterns in brain and other tissues, biological
functions and/or similarity with known brain-expressed genes. The clones were cultured in
Luria-Bertani medium; purified using 96-well alkaline lysis miniprep kit (Qiagen, Inc., CA)
and amplified by a primer pair (forward: 5′-CTGCAAGGCGATTAAGTTGGGTAAC; and
reverse: 5′-GTGAGCGGATAACAATTTCACACAGGAAACAGC). Two duplicates of
1117 cDNA clones plus 35 PCR products containing no inserts were printed on each array
(600 μm apart) on an S&S Nitran SuperCharge nylon membrane (Schelicher & Schuell, NH)
using GMS 417 Arrayer (Affymetrix Inc., CA) with solid steel pins (pin size: 300 μm).
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2.2. Animals and nicotine self-administration
Male Holtzman rats (225–250 g; Harlan Sprague–Dawley, Madison, WI) were used for all
experiments. The self-administration procedure was essentially that described previously
[54,26]. Briefly, rats were anesthetized, implanted with jugular catheters and tethers, and
placed into operant chambers for the duration of experiment. During recovery, daily
injections of gentamycin (4 mg/kg, i.v.) and hourly injection of saline (50 μl containing 200
U/ml heparin, i.v.) were administered. On the 3rd day of recovery, the light over each lever
was turned on and i.v. nicotine (0.03 mg/kg/injection, pH 7.0; expressed as the free base of
nicotine sulfate; Sigma) was made available contingent upon one press of one of the two
levers (the rats do not receive any prior training). A 7-s time-out, during which the light over
the active lever was off, followed each injection. Nicotine was always available except for a
1–2-h period at the end of the light portion of the light cycle, when the nicotine solutions
were changed and the animals were cared for; the cue lights over the levers were not on
during this period. At the end of 21 days of self-administration of nicotine or saline, brains
were removed immediately after decapitation (following a lethal overdose of sodium
pentobarbital, 125 mg/kg, i.p.). Two millimeter slices were made with a Stoelting tissue
slicer; each slice was placed on an ice-cold dish and punches were made as described [48] to
obtain specific brain regions.

2.3. Total RNA isolation
Total RNA was isolated from the corresponding pooled regions of three rats per group using
RNeasy kits (Qiagen Inc., CA). Four brain regions were examined in this study: prefrontal
cortex (PFC), nucleus accumbens (NAs), ventral tegmental area (VTA), and amygdala
(AMYG), which have been shown to be important sites involved in drug addiction. Before
use, RNA samples were treated with RNAse-free DNAse I at 37°C for 30 min. RNA
concentrations were determined and assessments were made with respect to the integrity of
the samples.

2.4. Radioactive cDNA probe preparation and microarray hybridization
cDNA probes were prepared as previously described [51]. Briefly, 3–10 μg total RNA were
reverse-transcribed in a reaction mixture containing 8 μl of 5× first strand RT buffer, 1 μl of
1 μg/μl 24-mer poly(dT) primer, 4 μl of 20 mM dNTPs (-dCTP), 4 μl of 0.1 M DTT, 40 U of
RNasin, 6 μl of 3000 Ci/mmol α-33P-dCTP and Dep-water to a final volume of 40 μl. The
RT mixture was first heated at 70°C for 5 min, followed by incubation on ice for 2 min. Two
μl of Superscript II reverse transcriptase (Life Technologies Inc., CA) was then added
followed by incubation at 42°C for 60 min. At the end of incubation, 5 μl of 0.5 M EDTA
was added to chelate divalent cations. After addition of 10 μl of 1.0 M NaOH, the samples
were incubated at 65°C for 30 min to hydrolyze the remaining RNA. Following the addition
of 25 μl of 1 M Tris (pH 8.0), the samples were purified using Bio-Rad 6 purification
columns (Hercules, CA). cDNA microarrays were pre-hybridized in a 4-ml hybridization
buffer containing 3.2 ml Microhyb (Research Genetics, AL) and 0.8 ml 50% dextran sulfate,
100 μl of 10 mg/ml denatured human Cot 1 DNA (Life Technologies Inc., CA) and 100 μl
of 8 mg/ml denatured poly(dA) (Pharmacia Inc., NJ). After atleast 4 h of pre-hybridization
at 65°C, approximately 106 cpm/ml of heat-denatured cDNA probes were added followed
by 17 h of incubation at 65°C. Hybridized arrays were washed in 2× SSC and 1% SDS twice
at room temperature followed by 1–2 times of washing in 2× SSC and 0.1% SDS at 55°C for
15 min each [51]. The microarrays were exposed to phosphorimager screens for 1–3 days.
The screens were then scanned in a Molecular Dynamics STORM PhosphorImager
(Sunnyvale, CA) at 50 μm resolution.
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2.5. Image analysis, array normalization, and measurement of duplicate reliability
The software ImageQuant (Molecular Dynamics Inc., CA) was used to convert the
hybridization signals on the image into intensity values, and the clone ID numbers and
expression data were stored in the MS Excel format. In order to adjust for the hybridization
differences among multiple arrays used in this study, we normalized the intensity of each
spot to its pin-specific mean hybridization intensity value (pin-wise normalization).
Furthermore, the average background intensity was calculated based on the hybridization
intensities of the spots without inserts.

Differences (absolute) between the normalized intensities of two duplicates, Dijk, were
calculated, where i refers to the clone ID number (N = 1117; ESTs and unique genes), j to
type of the treatment (saline or nicotine), and k to the brain region (PFC, NAs, VTA,
AMYG). The inherent error associated with the microarray data was estimated by analyzing
the sample distribution of the absolute differences between duplicates, pooled from all
arrays under investigation (i.e. error at the population level). Consequently, we developed an
index, called jackknifed reliability index (JRI), which estimates the influence of each
duplicate difference on a sample statistics, i.e. kurtosis, using a resampling routine written in
Matlab [31]. Kurtosis, k, fourth central moment divided by the standard deviation, estimates
the height of the sample distribution:

where E(x) is the expected value of sample vector x (Mathworks, Inc., MA). The jackknifed
kurtosis value for each duplicate difference (JRIijk) corresponds to the sample (N = 9216)
kurtosis value without that particular observation. A similar jackknifing approach has been
applied for the diagnosis of outliers in regression analysis, e.g. Cook’s distance [11]. Based
on the distribution of JRI values obtained for the absolute duplicate differences, one can set
a cut-off point (Cpool) that consistently estimates the inherent error level above which an
expression reading is considered as unreliable. Theoretically (i.e. error-free), no difference
between duplicate measurements should be expected. Expected JRI value, JRIexp, is then the
magnitude of JRI when Dijk equals to zero. Consequently, we obtained the minimum
duplicate difference, Dmin, which is greater than zero and with JRI value equaling to JRIexp,
as the cut-off value (Cpool). Even though each array has its own sampling error, Cpool
represents the reasonable error value permitted across microarrays.

2.6. Statistical analysis
Pairwise correlations between brain regions with respect to (a) the magnitude of expression
in saline-control experiments and (b) the transcriptional response to nicotine were assessed
using Pearson’s correlation coefficient (Matlab, Inc., MA). Principal components analysis
(PCA) was performed using average expression levels calculated from four brain regions
(variables) for saline and nicotine treatments, separately (S-PLUS Inc., WA). Principle
components were extracted as the linear combinations of the variables, where a, b, c, and d
are loadings, i is index for a component, j is either the saline or nicotine treatment, and E
refers to average normalized expression level:
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2.7. Confirmation by reverse transcription and real time polymerase chain reaction (real
time quantitative RT-PCR)

We confirmed our microarray results from two representative genes, i.e. the weak inward
rectifier K+ channel 1 (TWIK-1), and the phosphatase and tensin homolog (PTEN), by using
the real-time quantitative RT-PCR technique. Total RNA was extracted from brain punches
(VTA and AMYG) obtained from an independent time-course experiment of nicotine self-
administration described in a previous study [26]. Optimal RT-PCR conditions for PTEN
and TWIK-1 reported here were determined by the strategy described previously [25]. Some
modifications were made to optimize conditions for real time RT-PCR protocol. Briefly,
total RNA concentration of each sample was measured using a UV spectrophotometer at 260
nm, whereby all samples were diluted to 0.2 μg/μl. Immediately prior to reverse
transcription, sample total RNA concentration was measured in duplicate using
RIBOGreen™ kit (Molecular Probes, Inc., Eugene, OR), and later was used to normalize the
expression data obtained from real time RT-PCR as suggested by the manufacturer [3].
Then, 0.5 μg of total RNA was reverse-transcribed in a final volume of 20 μl containing 4 μl
of 5× reverse transcriptase buffer (0.1 M Tris–HCl, pH 8.8; 0.5 M KCl, 1% Triton X-100), 5
mM MgCl2, 10 mM dithiothreitol, 0.625 mM of each dNTP, 20 U RNasin, 1 μl of 50 μM
random hexamers and 200 U SuperScript II RNase H− reverse transcriptase (Gibco BRL
Life Technologies, Grand Island, NY). The RT mixtures were incubated at 42°C for 1 h and
then heated at 95°C for 5 min to inactivate the reverse transcriptase. Amplification of 4 μl
RT mixture (equivalent to 0.1 μg total RNA) was carried out using core reagents from the
SYBR® Green Kit (PE Biosystems, Foster City, CA), 5 μl 10× SYBR® Green PCR buffer,
4.0 μl 25 mM MgCl2, 1.0 μl 12.5 mM dNTP mix with dUTP, 1 μl of sense or antisense
primers (0.1 μg/μl) and 2.5 U AmpliTaq DNA polymerase in a total volume of 50 μl. The
RT-PCR reactions were initially denatured at 94°C for 3 min, and then were subjected to
cycles of denaturation (94°C, 30 s), annealing (60°C, 30 s) and extension (72°C, 45 s). The
Bio-Rad iCycler thermal cycler (Bio-Rad, Hercules, CA) was used to carry out the real time
PCR. The number of amplification cycles was set to 40 for both genes. After the last cycle,
the extension was continued for another 7 min at 72°C. A 15-μl sample was resolved on a
1% agarose gel containing 25 μl ethidium bromide (500 μg/ml) to check for product purity.
Expression level of each gene was determined after specifying an amplification cycle that
corresponds to the exponential growth phase of the PCR reaction for each gene (23 cycles
for TWIK-1; 28 cycles for PTEN; data not shown). Intensity values for control and
treatment samples were measured at these specified amplification cycles. Intensity values
were based on the incorporation of fluorescent SYBR® green dye (excitation/emission,
497/520 nm; Molecular Probes, Inc., Eugene, OA) into the double strand PCR products and
were measured by the Bio-Rad iCycler thermal cycler. The primer sequences used for PCR
amplification were: (1) PTEN (264 bp): sense 5′-TCTACTCCTCCAACTCAGGAC-3′ and
antisense 5′-CATTATCCGCACGCTCTATAC-3′, and (2) TWIK (382 bp): sense 5′-
TGTCCTGCTTCTTCTTCATCCC-3′ and antisense 5′-TCGTTTTGCTTCTGCTCCTCC-3′.

3. Results
3.1. Microarray normalization and reliability

The jackknifed reliability index, JRIijk, tagged each clone per treatment per region with a
reliability value that estimates its influence on the sample distribution (see Section 2.5 for
details). Cut-off value for unreliable duplicate measurements (Cpool) was estimated as 0.14
at the log 10 scale (i.e. 1.38- or 0.72-fold difference). Based on this Cpool value, we
discarded approximately 13.5% of the total number of observations (Ntotal = 9216).
However, among the multiple microarray membranes, the percentage of reliable
measurements ranged from 72 to 93% (see Fig. 1 for an example) with an average reliability
of 86.6% per array (±7.0% S.D.). Upon filtering out the outliers from each array, the mean
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correlation coefficient between duplicate measurements equaled to 0.978 (S.D.: ±0.0035;
Narray = 8).

3.2. Variability in gene expression level within and among brain regions
In order to compare the expression levels of genes among multiple brain regions or time
points, one has to use only those clones reliably measured across all arrays under
investigation. In our data set, 391 clones whose expression levels were reliably measured
among four brain regions under investigation have met this criterion. Based on the saline-
control experiments, pairwise correlation coefficients between regions in terms of the
magnitude of gene expression, ranged between 0.96 and 0.98, all of which were highly
significant (P<10−5; Fig. 2). Furthermore, the first principle component of microarray data
from saline-control rats, PC1saline, accounted for 97.6% of the variation within the
expression data, suggesting that most of the variability in the microarray data was due to
differences within a brain region.

3.3. Region-specific expression profiles in response to chronic nicotine treatment
Unlike glass slides hybridized with fluorescent probes, no universal reference exists for the
membrane-based (radioactive) microarrays. However, our experiments were designed in
such a way that for each brain region, a saline/nicotine treatment pair existed. On the basis
Cpool value (1.38- or 0.72-fold difference between nicotine and control experiments; see
Section 3.1), we found that only 3.6–12.4% of genes, depending on the brain region, showed
any alteration in their gene expression levels (Table 1). Accordingly, PFC and NAs were
found to be the most responsive brain regions to chronic nicotine treatment, followed by
VTA and AMYG regions (Table 1).

Based on the Pearson’s correlation coefficients obtained between regions with respect to the
transcriptional response to nicotine, we found that PFC and NAs shared a significantly
greater degree of similarity to each other (rPFC,NAs=0.71; P=1.3×10−15) than they did to
either VTA or AMYG (P>0.05). On the other hand, VTA and AMYG were significantly
more similar to each other (rVTA,AMYG=0.29, P=0.004). To visualize these similarities
among brain regions with respect to the expression response to nicotine administration, we
used a multidimensional scaling map, which summarized the multivariate gene expression
data in a bivariate manner (Fig. 3; Matlab Inc., MA). As seen in Fig. 3, PFC and NAs were
tightly clustered together indicating that the gene expression profiles were more similar to
each other. Similarly, VTA and AMYG were more closely associated with each other when
compared with their distance to either PFC or NAs.

Even though microarray technology allows us to gain information about hundreds of genes
simultaneously, only a small percentage of these genes may be informative with respect to
the treatment in consideration [12]. Accordingly, 95 of the 391 clones with reliable
measurements across all arrays, exhibited alterations above the Cpool level within at least
one brain region. Herein, we report on the region-specific transcriptional response of a set of
representative genes whose nicotine to control gene expression ratio is greater than 1.75-fold
or less than 0.6-fold (Ngenes=8; Table 2). We identified the signaling pathways, such as
mitogen-activated protein kinase (MAPK), epidermal growth factor receptor (EGRF),
phosphatidylinositol, to which these genes belong. The relevance of these pathways to
nicotine administration was also assessed based on the available literature [52,16,32].

3.4. Confirmation of microarray results by real-time quantitative RT-PCR
TWIK-1, which belongs to the two-pore-domain K+ channels is believed to play an
important role in the regulation of resting membrane potential [24]. In the present study, we
found that TWIK-1 expression in AMYG was drastically downregulated (0.62-fold) upon
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chronic nicotine administration as measured by the cDNA microarrays. Results from the
real-time quantitative RT-PCR confirmed this finding, i.e. 0.5-fold decrease in TWIK-1
expression was observed in AMYG at day 20 of nicotine administration (Fig. 4). PTEN,
exhibiting a dual-specificity phosphatase activity, also dephosphorylates the 3rd position of
phosphatidylinositol (PtdIns) phosphates [30,5]. Our findings from microarray experiments
indicated that PTEN was specifically over-expressed in the AMYG upon chronic
administration of nicotine (1.83-fold of control rats). Similarly, results of the real-time
quantitative RT-PCR confirmed that PTEN expression of nicotine administrating individuals
at day 20 is at least 1.6-fold greater than that of the control rats in AMYG (Fig. 4).

4. Discussion
4.1. Reliability of microarray data

Even though multivariate data analysis is crucial in summarizing and visualization of gene
expression data sets, outcomes of these analyses are greatly influenced by the algorithms
used, reliability of microarray data, and the degree of variability in the magnitude of
treatment effects [13]. In fact, it has been reported that up to 30% of the microarray data
maybe discarded based on errors associated with printing, hybridization and/or
measurements [19]. Nevertheless, we are not aware of any study that reports on a
technique(s) for the normalization of the measurement error across multiple arrays, despite
its importance for the comparative analysis of microarray data. In this study, we used the
jacknifed reliability index (JRI) to determine a standardized cut-off value for filtering out
unreliable measurements across multiple arrays. We suggest that a cut-off value based on
the pooled duplicate differences is advantageous, because (a) as the number of duplicate
expression differences in the pool increases, true error value (population parameter)
associated with the microarray procedure is better estimated, and (b) a pooled cut-off value
normalizes the variability with respect to the measurement error among different
experiments (or arrays). Accordingly, we have estimated that 13.5% of all observations had
relatively large influences on the sample kurtosis value, corresponding to an absolute
duplicate difference greater than 0.14 at log 10 scale (1.38 or 0.72-fold of control expression
level).

4.2. Regional differences in the magnitude of mRNA expression
Principal component analysis (PCA) enables one to extract components, which describe
different aspects of the variability associated with the data set (e.g. magnitude and shape of
expression data). Furthermore, PCA can be a powerful tool to detect the trends in the
expression data obtained from multiple individuals. Nevertheless, most studies in the
microchip field concentrated on the comparisons of expression patterns using various
clustering algorithms with less attention given to the comparison of the magnitude of gene
expression. Herein, we used PCA to summarize the range of expression level within and
across different brain regions from the saline/control rats. A large portion of the observed
variability (ca. 98%) in gene expression levels was attributable to the differences in the
magnitude of expression levels within brain regions. On the other hand, differences among
brain regions accounted for only 2% of the total variability, indicating that brain regions
reported in this study are highly similar in their magnitude of gene expression. Our results
were in accord with those from a recent microarray study assessing region- and strain-
specific differences in brain gene expression levels of mouse [45], which indicated that
structures of medial temporal lobe (hippocampus, amygdala, and entorhinal cortex) were
highly similar in their gene expression levels.

Konu et al. Page 7

Brain Res. Author manuscript; available in PMC 2011 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.3. Region-specific transcriptional response to chronic nicotine: involvement of MAPK,
phosphatidylinositol, EGFR signaling pathways

Microarray data analysis is a powerful tool for identifying functional clusters among genes
under investigation. Among the genes /ESTs included on the arrays, we found that genes
whose expression levels seem to be affected by nicotine administration mainly fell into three
distinct functional groups: cell signaling/communication, cell structure/motility, and gene/
protein expression. In this report, we limit our focus on a set of representative genes that are
involved in MAPK, phosphatidylinositol, and EGFR signaling pathways, all of which were
previously implicated with nicotine administration. Nicotine was previously shown to
induce mitogen-activated protein kinase (MAPK) signaling pathway in pheochromocytoma
(PC12) cells via activation of protein kinase C/Raf/RSKII/CREB [52]. In the present study,
we found that, in PFC, nicotine self-administration increased the expression of Rap1
guanine-nucleotide-exchange factor activated by cAMP (EPAC; 1.93-fold increase), which
mediates the activation of B-raf in neurons [56,9]. The involvement of Rap family of ras-
related GTPases in response to nicotine administration was further accentuated by the
changes observed in two additional genes involved in the Rap signaling pathway, namely
Rap2A (1.66-fold increase in PFC) and MR-GEF (0.71-fold decrease in PFC and NAs). On
the other hand, mRNA expression of RGS13, a member of the regulator of G-protein
signaling (RGS) family was reduced by 0.57-fold in response to nicotine. RGS proteins are
known to impair the activation of MAP kinases by inhibiting G-protein signaling [8]. For
example, a recent study has shown that RGS4, upon inhibiting the coupling of 5-HT(1B)
receptors to cellular signals, attenuated the activation of extracellular signal-regulated
kinase, ERK [28]. Overexpression of EPAC and downregulation of RGS13 were observed
in PFC and to a lesser degree (1.41- and 0.82-fold, respectively) in NAs of the nicotine
treated rats. These findings suggest that nicotine may activate the MAPK pathway via
EPAC/B-raf in a region-specific manner.

Nicotine also has been shown to elevate intracellular calcium levels upon activation of the
store-operated calcium channels possibly by an increase in the D-myo-inositol 1,4,5-
trisphosphate (Ins(1,4,5)P3) production [16].In this study we identified a number of genes,
such as profilin 1, Ins(1,4,5)P3 3-kinase B, and PTEN, involved in Ins(1,4,5)P3 turnover as
well as intracellular calcium homeostasis, as potential modulators/targets of nicotine in rat
brain. Profilin negatively regulates the phophoinositide signaling pathway by binding with
phosphatidylinositol 4,5-bisphosphate (PIP2) and preventing the formation of Ins(1,4,5)P
and diacylglycerol via inhibition of the phospholipase C gamma 1 hydrolysis [14]. We
observed that the expression level of profilin was reduced by 0.52- and 0.56-fold, in PFC
and NAs of nicotine treated rats, respectively, suggesting an increase in the concentration of
Ins(1,4,5)P3 in these brain regions. Ins(1,4,5)P3 3-kinase catalyzes the production of D-myo-
inositol 1,3,4,5-tetra-kisphosphate (Ins(1,3,4,5)P4) from Ins(1,4,5)P3 Interestingly,
Ins(1,4,5)P3 3-kinase expression was specifically increased in NAs of rats treated with
nicotine (2.45-fold). These results suggested that activation of phosphatidylinositol signaling
pathway in PFC and NAs upon chronic nicotine administration maybe due to a potential
increase in the production of Ins(1,4,5)P3 in PFC and NAs, and Ins(1,3,4,5)P4 only in NAs.

On the other hand, PTEN exhibits 3-phosphatase activity towards Ins(1,3,4,5)P4 and thus
reduces the availability of Ins(1,3,4,5)P4 [30]. Interestingly, PTEN expression was increased
only in AMYG upon chronic nicotine administration, implicating the presence of a negative
feedback on the phosphatidylinositol pathway in this region. Genes whose expression levels
were altered by nicotine in AMYG also included epidermal growth factor receptor (EGFR)
and Ciao1. Previous studies have shown that a tight relationship exists between EGFR and
PTEN, such that an increase in PTEN leads to down regulation of EGFR expression [41,23].
EGFR also is transcriptionally regulated by another gene, namely Wilms tumor (WT1),
which physically interacts with Ciao1 [29,21]. Recently, PTEN has gained enormous
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attention from the scientific community since it was found to be a tumor suppressor gene
whose inactivation constitutively activates PI3 /AKT pathway [17,4,40]. Involvement of
PI3 /AKT pathway in response to nicotine was also supported by our observation that the
expression of p70S6, a downstream target of AKT gene [42], was downregulated in VTA
(Table 2). The observed effects of nicotine on the mRNA expression of PTEN and AKT/
p70S6 warrant further investigation, which may shed light on the associations between
nicotine and cancer [32,47,2].

In summary, we demonstrate that the JRI proposed in this study can be used to normalize the
duplicate measurement error across multiple arrays, as it allows for the identification of a
cut-off value for filtering out duplicate differences with relatively large influence on the
sample statistics (i.e. kurtosis). Upon application of principal component analysis and
multidimensional scaling on the filtered microarray data, we found that brain regions under
investigation were highly similar in regards to their absolute expression levels, but exhibited
highly region-specific transcriptional response to nicotine. We also confirmed the
microarray results obtained for the TWIK-1 and PTEN gene using real-time quantitative
RT-PCR on Bio-Rad iCycler. Finally, a number of genes that are involved in MAPK,
phosphatidylinositol, and EGFR signaling pathways have been identified as possible targets/
modulators in response to nicotine administration.
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Fig. 1.
A representative plot of the duplicate normalized expression levels of a microarray (i.e. PFC
of saline control rats) before (dark shade) and after (light shade) removing the outliers based
on the Cpool value (0.14 at log 10 scale). Straight line is the theoretical 1:1 correspondence
between duplicates. Upon outlier removal (Noutlier=324), Pearson’s correlation coefficient
increased from 0.84 to 0.98.
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Fig. 2.
Pairwise correlations between brain regions in terms of the magnitude of mRNA expression
(Ngenes=391; reliable measurements across all arrays) or saline control rats. All pairwise
correlations were significant at P<10−5. PFC: prefrontal cortex; NAs: nucleus accumbens;
VTA: ventral tegmental area; AMYG: amygdala.
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Fig. 3.
Multidimensional scaling map of the regional transcriptional response to nicotine in rat
(Ngenes=95). Gene expression profiles from brain regions (1) PFC and NAs (clustered with a
solid line), and (2) VTA and AMYG (clustered with a broken line) were significantly
correlated. PFC: prefrontal cortex; NAs: nucleus accumbens; VTA: ventral tegmental area;
AMYG: amygdala.
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Fig. 4.
Effects of nicotine on PTEN and TWIK-1 mRNA expression levels in the amygdala (A) and
ventral tegmental area (B). Holtzman rats self-administered 0.03 mg/kg nicotine for 0, 3, 10,
and 20 days. Total RNA was isolated from each region as described in Section 2.2. Gene
expression levels were measured as fluorescent intensities using semi-quantitative real time
PCR, and were normalized to the initial RNA concentration as quantified by the
RIBOGreen™ kit (see Section 2.7). Data were presented as percent change relative to day 0
(dotted line), and the solid lines at day 20 represent the respective percent change obtained
from cDNA microarray experiments.
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Table 1

Overall transcriptional response to nicotine in different brain regions

Brain regions

PFC NAs VTA AMY

Number of clones 669 844 774 878

Over-expressed (%) 40 (6.0) 59 (7.0) 25 (3.2) 20 (2.3)

Under-expressed (%) 43 (6.4) 43 (5.1) 29 (3.7) 11 (1.3)

Total (%) 83 (12.4) 102 (12.1) 54 (6.9) 31 (3.6)

The number of genes/ESTs with a reduction or induction in gene expression above the inherent replicate error (Cpool=0.14, log 10) was reported.
PFC: prefrontal cortex; NAs: nucleus accumbens; VTA: ventral tegmental area; AMYG: amygdala.

Brain Res. Author manuscript; available in PMC 2011 May 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Konu et al. Page 18

Ta
bl

e 
2

Tr
an

sc
rip

tio
na

l r
es

po
ns

e 
(n

ic
ot

in
e 

to
 sa

lin
e 

ra
tio

 o
f e

xp
re

ss
io

n 
le

ve
ls

) o
f a

 se
t o

f r
ep

re
se

nt
at

iv
e 

ge
ne

s u
po

n 
ch

ro
ni

c 
ni

co
tin

e 
tre

at
m

en
t

A
cc

es
si

on
 n

o.
G

en
e 

na
m

e
Sy

m
bo

l
Pa

th
w

ay
PF

C
N

A
s

V
T

A
A

M
Y

G
G

R
35

66
5

Ep
id

er
m

al
 g

ro
w

th
 fa

ct
or

 re
ce

pt
or

EG
FR

EG
FR

, M
A

PK
1.

12
1.

00
0.

81
0.

57

N
26

06
2

W
D

40
 p

ro
te

in
 C

ia
o1

C
IA

O
1

EG
FR

0.
83

1.
23

1.
00

0.
57

W
37

86
4

Ph
os

ph
at

as
e 

an
d 

te
ns

in
 h

om
ol

og
PT

EN
EG

FR
, P

I, 
M

A
PK

0.
89

0.
88

0.
80

1.
83

A
A

28
42

34
R

ib
os

om
al

 p
ro

te
in

 S
6 

ki
na

se
, 7

0 
kD

a,
 2

R
PS

6K
B

2
PI

, M
A

PK
0.

85
0.

86
0.

53
1.

07

R
94

15
3

In
os

ito
l 1

,4
,5

-tr
is

ph
os

ph
at

e 
3-

ki
na

se
 B

IT
PK

B
PI

1.
08

2.
46

1.
22

1.
84

*

A
A

52
14

31
Pr

of
ili

n 
1

PF
N

1
PI

0.
52

0.
56

1.
03

1.
11

A
A

45
34

98
R

ap
1 

gu
an

in
e-

nu
cl

eo
tid

e 
ex

ch
an

ge
 fa

ct
or

EP
A

C
M

A
PK

1.
94

1.
41

0.
92

0.
95

H
70

04
7

R
eg

ul
at

or
 o

f G
-p

ro
te

in
 si

gn
al

in
g 

13
R

G
S1

3
M

A
PK

0.
57

0.
83

0.
83

0.
96

A
cc

es
si

on
 n

um
be

r, 
ge

ne
 sy

m
bo

l, 
an

d 
as

si
gn

m
en

t o
f a

 si
gn

al
in

g 
pa

th
w

ay
(s

) f
or

 e
ac

h 
ge

ne
 w

er
e 

ob
ta

in
ed

 fr
om

 th
e 

w
eb

si
te

 a
t h

ttp
://

w
w

w
.n

cb
i.n

lm
.n

ih
.g

ov
. R

es
ul

ts
 in

 b
ol

d 
in

di
ca

te
 si

gn
ifi

ca
nt

 u
pr

eg
ul

at
io

n 
or

do
w

nr
eg

ul
at

io
n 

up
on

 n
ic

ot
in

e 
tre

at
m

en
t (

>1
.7

5-
 o

r <
0.

6-
fo

ld
, r

es
pe

ct
iv

el
y)

.

* U
nr

el
ia

bl
e 

m
ea

su
re

m
en

t.

PF
C

: p
re

fr
on

ta
l c

or
te

x;
 N

A
s:

 n
uc

le
us

 a
cc

um
be

ns
; V

TA
: v

en
tra

l t
eg

m
en

ta
l a

re
a;

 A
M

Y
G

: a
m

yg
da

la
; M

A
PK

: m
ito

ge
n-

ac
tiv

at
ed

 p
ro

te
in

 k
in

as
e;

 P
I: 

ph
os

ph
at

id
yl

in
os

ito
l; 

EG
FR

: e
pi

de
rm

al
 g

ro
w

th
 fa

ct
or

re
ce

pt
or

.

Brain Res. Author manuscript; available in PMC 2011 May 20.

http://www.ncbi.nlm.nih.gov

