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Abstract
Because adolescent brains are undergoing extensive developmental changes, they may be uniquely
sensitive to effects of addictive drugs like nicotine. We exposed adolescent and adult rats to
nicotine infusion for two weeks, and then used whole genome microarray analysis to determine
effects on gene expression in the ventral tegmental area. We examined brains immediately after
two weeks of nicotine or saline, and also four weeks after termination of nicotine exposure. After
identifying genes with a significant age X treatment interaction, we employed template matching
to find specific patterns of expression across age and treatment. Of those genes that were
transiently regulated (up- or down-regulated immediately following the end of nicotine treatment,
but back to saline baseline 30 days later), two-thirds were specific to adult animals, while only
30% were specific to adolescents and 4% were shared across the two ages. In contrast, significant
genes that were persistently regulated (altered following nicotine treatment and still altered 30
days later) were more likely (59%) to be adolescent, with only 32% in adults and 8% shared. The
greatest number of significant genes was late-regulated (no change immediately after nicotine, but
regulated 30 days later). Again, most were in adolescents (54%), compared to adults (10%) or
shared (36%). Pathway analysis revealed that adolescent-specific genes were over-represented in
several biological functions and canonical pathways, including nervous system development and
function and long-term potentiation. Furthermore, adolescent-specific genes formed extensive
interaction networks, unlike those specific for adults or shared. This age-specific expression
pattern may relate to the heightened vulnerability of adolescents to the effects of addictive drugs.
In particular, the propensity of adolescents to show persistent alterations in gene expression
corresponds to the persistence of drug dependence among smokers who began their habit as
adolescents. These findings support a model whereby adolescent brains are uniquely vulnerable to
long-term changes in gene expression in the brain’s reward pathway caused by early exposure to
nicotine.
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Recreational drug use is commonly initiated during adolescence, often beginning with
tobacco products. Nicotine has been shown to have a number of adverse affects on the brain,
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particularly during early development. Epidemiological studies have demonstrated that
adolescent smokers proceed to dependence quicker, are more likely to be dependent as
adults, have higher average consumption, and exhibit increased co-morbidity with other
drug use and more psychological problems compared to adults (Chen and Millar, 1998;
Chambers et al., 2003; Adriani et al., 2006). Behavioral studies have shown distinct
responses to nicotine in animals treated during adolescence relative to their adult
counterparts. Pre-exposure to nicotine during, but not following, adolescence sensitizes rats
to nicotine’s effects on locomotor response and conditioned place preference (CPP), and
increases self-administration of nicotine (Adriani et al., 2006). Pre-exposure to nicotine
during adolescence also sensitizes rats to the rewarding effects of other drugs, particularly
psychostimulants such as cocaine (Collins and Izenwasser, 2004; McMillen et al., 2005;
McQuown et al., 2007). These data strongly suggest an increased vulnerability to effects of
nicotine during adolescence.

Adolescence is characterized by extensive physiological and psychological changes, and
recent studies have shown the human brain continues to mature into the early 20’s (Sowell et
al., 2003). This is characterized by extensive growth during early adolescence, followed by a
decrease in grey matter, a gradual loss of synapses, and a strengthening of the remaining
synapses. Neurotransmitter receptor populations peak during adolescence and decline
thereafter. This has been shown for GABA, serotonin, norepinephrine, dopamine, and
acetylcholine receptors (Lujan et al., 2005). These changes occur throughout the brain and
coincide with changes in complex social behaviors characterized by increased impulsivity,
risk-taking, and sensation-seeking (Sowell et al., 2003). Exposure to nicotine during this
period may have systemic affects which persist into adulthood and contribute to the
observed increase in consumption of tobacco and other drugs of abuse, and the subsequent
difficulty of quitting in those individuals that began smoking during adolescence.

We have previously shown that chronic nicotine exposure during adolescence differentially
regulates nAChR subtype number in adolescent compared to adult male Sprague-Dawley
(SD) rats (Doura et al., 2008). The goal of the current study was to identify the short-term
and long-term changes in gene expression unique to, and shared between, adolescent and
adult male SD rats exposed to chronic nicotine. We examined whole genome expression in
the ventral tegmental area (VTA) from nicotine- and saline-treated rats of both age groups.
The VTA is the cell body region for the mesocorticolimbic dopamine reward pathway, and
thus it is likely that gene expression in these cells may play important roles in mediating the
addictive properties of drugs such as nicotine. We report striking differences in gene
expression in response to chronic nicotine in a number of potentially relevant networks and
pathways, including nervous system development and function, circadian rhythms, and LTP.

EXPERIMENTAL PROCEDURES
Treatment

Osmotic minipumps (Alzet model 2002; Durect Corporation, Cupertino, CA) were filled
with sterile saline or with nicotine hydrogen tartrate dissolved in saline, at concentrations
designed to achieve a dose of 6 mg/kg/day, calculated as nicotine free base (37 μmol/kg).
Minipumps were implanted into male Sprague–Dawley rats (Hilltop Lab Animals,
Scottdale, PA) of two ages, postnatal day (PN) 28-30 or PN 60–70; six animals were used
for each treatment group. The period from PN 28–40 in rats is typically labeled
periadolescence, that from PN 40–52 middle adolescence, and PN 52–60 late adolescence;
“puberty” generally occurs during the last days of periadolescence (Spear, 2004). Thus, our
treatment was performed at the early periadolescent and adult stages. Rats were anesthetized
with isoflurane and the minipumps inserted into a subcutaneous pocket via a small incision
made over the shoulders. While under anesthesia, animals were administered buprenorphine

Doura et al. Page 2

Neuroscience. Author manuscript; available in PMC 2011 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(0.1 mg/kg, s.c.) for post-operative pain. The wound was closed with clips and the area
swabbed with antiseptic. After recovery from anesthetic (10–30 min), animals were returned
to individual cages. Fourteen days after minipump implantation (PN 42-44 for adolescents
PN 74–84 for adults), some animals were lightly anesthetized with isoflurane and sacrificed
by decapitation. The remaining animals were left untreated for 30 days (minipumps empty
14 to 17 days after implant, so animals were nicotine-free for from 27-29 days), during
which time the adolescents reach full adulthood. The remaining animals were then sacrificed
as described. Altogether, there were 3 treatment groups, comprised of saline, nicotine, and
nicotine + 30 days (nicotine withdrawal), for both the adolescent and adult animals.

Tissue Preparation
Rats were anesthetized with isoflurane and decapitatied; brains were quickly removed and
frozen on dry ice. Brain slices were made with a cold stainless steel rat brain slicer matrix
(Zivic Instruments, Pittsburgh, PA) with 1 mm coronal slice section intervals. Brain slices
were immediately placed in cold saline and four punches (two from each side) were taken
from the VTA of each animal using a 500 micron tissue biopsy punch (Zivic Instruments,
Pittsburgh, PA). Identification of tissue was done by reference to a rat brain atlas (Paxinos
and Watson, 2007); coronal sections were used from -4.6 mm to -5.0 mm from bregma.
Tissue punches were stored in RNAlater (Qiagen, Valencia, CA) at -80°C.

Total RNA Isolation and Gene Expression Profiling
Each VTA sample (representing an independent biological replicate) consisted of a pool
from two animals (a total of 8 punches). Total RNA was isolated and purified using Trizol
reagent (InVitrogen, Carlsbad, CA) and the RNeasy micro kit (Qiagen), respectively,
according to the manufacturers’ instructions. The purified RNA was amplified using the
WT-Ovation Pico RNA Amplification System (Nugen, San Carlos, CA) according to the
manufacturer’s instructions. cRNA target synthesis, hybridization onto the Rat 230 2.0
GeneChip, and posthybridization staining and scanning were performed using standard
protocols as recommended by the manufacturer (Affymetrix, Santa Clara, CA). Chip data
were scaled using GeneChip Operating Software (GCOS; Affymetrix) version 1.4 and
expression values were log2-transformed. In total, 18 hybridizations were performed
representing 3 independent replicates for each of 3 treatment groups in both adolescent and
adult animals.

Statistical and Pathway Analyses
GCOS scaled log2-transformed expression data were analyzed using the Partek Genomic
Suite (Partek, St. Louis, MO). We performed a one-way ANOVA followed by a 10% false
discovery rate (FDR) to identify genes with a significant treatment effect in common
between both age groups (Shared genes). To identify age-specific genes with a significant
treatment effect (Age-specific genes), we performed a two-way ANOVA (age and treatment
as the main factors) with 10% FDR and identified genes with a significant age X treatment
interaction. The resulting significant genes were subjected to Template Matching/Feature
Selection (Pavlidis and Noble, 2001) executed in MultiExperiment Viewer (Dana-Farber
Cancer Institute, Boston, MA; www.tm4.org/mev) in order to identify genes exhibiting
specified patterns of expression. This search is based on a Pearson Correlation and
significance was determined at P < 0.05, allowing us to identify transient, persistent, and
late response gene expression profiles that were unique to or shared between the two age
groups. Further bioinformatics analysis was conducted on the significant genes to identify
functional significance with respect to gene ontology, molecular networks and canonical
pathways by means of Ingenuity Pathways Analysis (IPA 6.5 software; Ingenuity Systems,
Redwood City, CA) and GeneSpring GX 11 (Agilent Technologies, Santa Clara, CA).
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Multigene interaction networks were produced using Pathway Studio 6 (Ariadne Genomics,
Rockville, MD).

Quantitative real-time reverse transcriptase PCR
To validate expression data for selected genes, we performed quantitative real-time RT-PCR
(qRT-PCR) using SYBR green on an ABI Prism 7700 Detection System (Applied
Biosystems, Foster City, CA). Total RNA was reverse transcribed using random primers
from TaqMan Reverse Transcription Reagents (Applied Biosystems) per manufacturer’s
instructions. PCR primers were chosen for specificity by NCBI BLAST of the rat genome
and amplicon specificity was verified by first-derivative melting curve analysis with
software provided by Perkin Elmer and Applied Biosystems. Quantitation and normalization
of relative gene expression was accomplished using the comparative threshold cycle method
previously described (Joe et al., 2005). The house-keeping genes GLI1 and RPL36AL
exhibited no differential expression in our array analysis and were used for normalization of
target genes. Table 1 shows genes identified as differentially expressed across age and
treatment groups and chosen for qRT-PCR validation.

RESULTS
Whole genome expression was measured in the VTA of adolescent and adult male SD rats
exposed to saline, chronic nicotine for 14 days, or 30 days withdrawal following chronic
nicotine. A two-way ANOVA with 10% FDR revealed 4878 genes with a significant age X
treatment interaction. Next, we applied template matching (also known as feature selection)
(Pavlidis and Noble, 2001) to search for patterns of expression across age and treatment,
identifying three distinct temporal expression patterns referred to as “transient response”,
“persistent response” and “late response” genes. Transient response genes displayed an
initial response (up- or down-regulated) to chronic nicotine compared to saline/baseline as
measured at the end of the two week treatment period, but had returned to baseline
expression levels at the end of the 30 day withdrawal period (Figs. 1A and 1B). There were
80 adolescent-specific genes (Fig. 1A) and 171 adult-specific genes (Fig. 1B) that exhibited
a transient response to chronic nicotine. Persistent response genes displayed an initial
response to chronic nicotine as measured at the end of the two week treatment period, and
remained up- or down-regulated at the end of the 30 day withdrawal period (Figs. 1D and
1E). Sixty two adolescent-specific genes (Fig. 1D) and 33 adult-specific genes (Fig. 1E)
exhibited a persistent pattern of response. Late response genes showed no initial response to
chronic nicotine at the end of the two week treatment period, but showed significant up- or
down-regulation at the end of the 30 day withdrawal period (Figs. 1G and 1H). A total of
532 adolescent-specific genes (Fig. 1G) and 101 adult-specific genes (Fig. 1H) exhibited a
late response to chronic nicotine.

A one-way ANOVA with 10% FDR revealed 973 adult genes and 3072 adolescent genes
that were significant for chronic nicotine regulation. Of these, 425 genes were shared
between the two age groups. Eleven shared genes exhibited a transient response (Fig. 1C), 9
shared genes exhibited a persistent response (Fig. 1F), and 352 shared genes exhibited a late
response to chronic nicotine (Figs. 1I). It is noteworthy that the majority of shared gene
regulation (≈83%) occurred after the end of chronic nicotine treatment (late response shared
genes). By comparison, the number of transient and persistent response shared genes
accounted for less than 6% of all shared genes (Fig. 2).

Adolescent- and adult-specific genes (transient, persistent and late response) were further
analyzed for biological significance. Ingenuity Pathway Analysis (IPA) was employed for
the identification of top ranked biological functions, significant networks, and canonical
pathways associated with these age-specific genes. Figure 3 shows high level biological
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functions identified by IPA that were significantly overrepresented in our adolescent-
specific, adult-specific, and shared data sets, including genetic disorders, psychological
disorders, neurological disease and behavior. Further analysis focused on genes that
contribute to nervous system development and function. This category consisted of 42
adolescent-specific, 14 adult-specific, and 23 shared genes involved in a number of
biological processes (Table 2). Figure 4 depicts an interaction network of adolescent- (Fig.
4A) and adult-specific genes (Fig. 4B) involved in nervous system development and
function. The adolescent-specific genes form an extensive interaction network in contrast to
adult-specific genes.

Figure 5 depicts the canonical pathways significantly over-represented by adolescent-
specific, adult-specific or shared genes regulated by chronic nicotine treatment. Five of the
seven canonical pathways shown are unique to either adolescents or adult animals. Of note
is the synaptic long-term potentiation (LTP) canonical pathway, where 8 adolescent-specific
genes were identified as part of the LTP canonical pathway (Fig. 6). By comparison, the
LTP canonical pathway was not significantly overrepresented by adult-specific genes. In
fact, no adult-specific genes were placed in this pathway, and two genes were shared
between the age groups (not significant).

Shared genes (transient, persistent, and late response) analyzed for biological significance
with IPA were similarly over-represented in the same biological functions first seen in the
adolescent- and adult-specific data sets. High level biological functions identified as
overrepresented by the shared genes (Fig. 3) include nervous system development and
function, cell morphology, cellular development, genetic disorder, neurological disease and
psychological disorders. On the other hand, two overrepresented canonical pathways
identified by IPA were unique to the shared data set. Top canonical pathways identified as
overrepresented by the shared genes include semaphorin signaling in neurons, shown to
function in synaptogenesis, axon pruning, and the density and maturation of dendritic spines
(Pasterkamp and Giger, 2009), and ephrin receptor signaling, shown to function in dendritic
spine morphology (Lai and Ip, 2009) (Fig. 5).

Quantitative real-time RT-PCR was performed to validate microarray results of 12
adolescent-specific genes differentially regulated by nicotine (1 transient, 1 persistent and 10
late response genes; see Fig. 7). These include four genes in the LTP canonical pathway and
eight genes involved in nervous system development and function. All twelve genes were
validated by RT-PCR as significant by ANOVA and post-hoc Tukey test (P < 0.05).

DISCUSSION
A number of studies have been conducted examining the gene expression profiles of animals
exposed to drugs of abuse in an attempt to identify the genetic pathways involved in the
etiology of addiction. Thus far, few studies have examined the differences in the response of
adolescent and adult animals. Epidemiological data clearly suggest that adolescents exposed
to drugs of abuse have unique responses which persist into adulthood. We have conducted
whole genome mRNA analysis of the VTA from adolescent and adult SD rats treated with
chronic nicotine and find that adolescent rats also show unique genomic responses that
persist into adulthood.

A two-way ANOVA identifying age specific genes revealed that adolescent rats have a
strikingly distinct response to nicotine’s genetic regulatory effects relative to adults.
Adolescent animals had only half as many age-specific genes affected transiently, whereas
they had twice as many age-specific genes regulated persistently, and five times as many
showing delayed regulation relative to adult animals. This suggests the developing
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adolescent brain may be significantly more sensitive to long-lasting effects of nicotine
exposure at the transcriptional level. This sensitivity may relate to documented sensitivities
of adolescents to the addictive effects of nicotine (and other drugs of abuse). Taken together,
this suggests the age of onset of tobacco use significantly affects the response to exposure.
Further, chronic nicotine exposure causes downstream effects that are seen long after
cessation of treatment. This may cause changes in the developing adolescent brain which
persist into adulthood and augment response to later drug exposure.

Over-represented classes of genes specific to adolescent chronic nicotine exposure included
those associated with genetic and psychological disorders, developmental disorders, and
nervous system development and function. Network analysis of genes from the latter
category reveals that these adolescent-specific nicotine-regulated genes may form extensive
networks in adolescent VTA, but that is not the case for adult-specific genes in the VTA.
Also, a number of genes unique to adolescents were found to regulate neurite structure.
Groups of genes were identified that regulate development of neurites (11 genes), neurite
morphogenesis (7 genes), growth of neurites (15 genes), length (4 genes) and branching of
neurites (5 genes). These genes are of particular interest because of their possible roles in
structural and behavioral plasticity. Pathway analysis showed several canonical pathways
over-represented by adolescent-specific genes in adolescent VTA, notably long-term
potentiation, circadian rhythm signaling and CDK5 signaling. Animal studies have found
that the circadian genes are important regulators of drug responsiveness, sensitization, and
reward (Falcón and McClung, 2009). CDK5 has been shown to modulate dopamine
signaling in neurons (Bibb et al., 1999). Pathways over-represented by adult-specific genes
included protein ubiquitination, PI3K/AKT signaling and HIF1α signaling. PI3K/AKT
signaling is activated by other drugs of abuse, and is known to function in neuronal
branching, dendritic spine density, and cell body size (Russo et al., 2009).

Nervous System Development and Function
Drugs of abuse are known to produce widespread effects on neuronal structure and function.
This is hypothesized to be the basis for the long lasting changes in behavior seen in
addiction. Long-term changes that occur within the brain’s reward circuitry are central to
reward related behaviors and drug response. In particular, the changes in dopaminergic
neurons of the VTA and nucleus accumbens (Acb) are thought to alter reward responses
leading to tolerance, increased intake, reward dysfunction, and addiction (Russo et al.,
2009).

Changes in spine morphology are critical for synaptic function (Sorra and Harris, 2000;
Hering and Sheng, 2001; Yuste and Bonhoeffer, 2001). For instance, larger spines support
stronger synaptic transmission (El-Husseini et al., 2000; Murthy et al., 2001). Spine
morphology also plays an important role in synaptic plasticity. The autonomous space
created by the spine neck facilitates activity-triggered calcium increases (Wang et al., 2000;
Sabatini et al., 2002), which activates calcium-activated kinases and phosphatases that
underlies synaptic plasticity (Morishita et al., 2001; Thiels and Klann, 2001; Lisman et al.,
2002). Chronic administration of cocaine and amphetamine produce increased spine density
in the Acb (Robinson and Kolb, 1997, 1999a). Similarly, chronic nicotine exposure
increases spine density within the Acb and medial prefrontal cortex (Brown and Kolb, 2001;
Robinson and Kolb, 2004). Opioids have the opposite effect: morphine decreases spine
density and dendritic branching in the accumbens shell and medial prefrontal cortex
(Robinson and Kolb, 1999b; Robinson et al., 2002; Robinson and Kolb, 2004). These
structural changes are seen long after cessation of drug treatment, up to 3.5 months (Kolb et
al., 2003; Robinson and Kolb, 2004).
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Circadian Rhythms
Drosophila studies first showed that mutations in the circadian rhythm genes Per, Clock,
Cycle, or Doubletime had an effect (fail to sensitize after repeated exposure) on cocaine
response (Andretic et al., 1999). Several subsequent studies have shown that cocaine can
induce or repress the expression of circadian rhythm genes in several brain regions (Yuferov
et al., 2003; McClung and Nestler, 2003; Uz et al., 2005). Mice lacking a functional mPer1
gene were demonstrated to have no CPP response, and failed to sensitize to cocaine (Abarca
et al., 2002). Mice with a mutant Clock gene, however, showed robust cocaine sensitization,
increased cocaine preference, and increased reward as measured by intracranial self-
stimulation following cocaine treatment (McClung et al., 2005; Roybal et al., 2007). A
recent microarray study identified 29 circadian rhythm genes differentially regulated in
animals self-administering cocaine (Lynch et al., 2008). Studies have also suggested that
circadian rhythm genes play a role in alcohol (Spanagel et al., 2005) and morphine (Liu et
al., 2005) response. These data and our own suggest that drugs of abuse alter expression of
circadian rhythm genes. Other studies show altering circadian rhythm gene expression alters
drug sensitivity and reward. This suggests a direct role for circadian rhythm genes in
substance abuse. Further study of this area may prove useful in understanding the
differential response to drugs of abuse, and identifying therapeutic targets for the treatment
of various forms of drug addiction.

Long Term Potentiation (LTP)
There is a large body of data supporting the involvement of LTP in drug addiction. In fact,
addiction has been described as “a pathological usurpation of learning and memory”
(Hyman, 2005). Behavioral sensitization, conditioned locomotor response, and CPP are
drug-associated phenomena that are context- and NMDA-dependent, suggesting the
involvement of LTP (Hyman and Malenka, 2001). Evidence suggests that drug-induced
synaptic plasticity is mediated by a process similar to long term potentiation (Ungless et al.,
2001; Saal et al., 2003). A single dose of a drug may be enough to change the AMPA/
NMDA receptor balance that blocks LTP induction (Ungless et al., 2001; Saal et al., 2003).
Psychostimulants may facilitate synaptic potentiation by interfering with long term
depression (LTD) in the same cells (Jones et al., 2000; Gutlerner et al., 2002). Neuronal
nicotinic receptors are known to play a role in cognition; recent studies have detailed the
effects of nicotine on learning and LTP (Tang and Dani, 2009).

Synaptic plasticity in the VTA has been implicated in the acquisition of nicotine dependence
(Dani et al., 2001). It has been demonstrated that a single dose of nicotine is sufficient to
induce synaptic plasticity in VTA DA neurons (Gray et al., 1996; Mansvelder et al., 2000;
Saal et al., 2003; Pidoplichko et al., 2004). These synaptic alterations correlate with
behavioral sensitization (Borgland et al., 2004) and self-administration (Chen et al., 2008) in
animal studies. Prolonged nicotine exposure causes desensitization of β2-containing
nicotinic receptors, reducing GABAergic inhibitory tone and increasing DA neuron
excitability and the probability of glutamatergic LTP (Dani et al., 2001).

While epidemiological data clearly show that adolescents are more vulnerable to drugs of
abuse, and a number of studies have examined the effects of addictive drugs in adolescent
rodent models, little is known about the developmental factors affecting changes in plasticity
caused by nicotine. The hippocampus is vital for encoding and recalling episodic memory
(Squire et al., 2004). It is now clear that DA affects LTP, and that the hippocampus receives
significant DA innervation from the VTA (Gasbarri et al., 1997). DA cells increase burst
firing in response to unexpected reward and reduce burst firing when expected reward is
omitted (Schultz and Dickinson, 2000). Both conscious and unconscious memory
mechanisms contribute to the rewarding effects of nicotine and other drugs of abuse (Kauer
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and Malenka, 2007; Kelley, 2004; Dani and Montague, 2007). Nicotine increases neuronal
excitability and strengthens synapses in several brain regions (Kauer and Malenka, 2007;
Mansvelder and McGehee, 2002). Recent evidence suggests rather than directly encoding
reward, DA signals contribute to associative learning in response to behaviorally important
cues (Schultz, 2007). Nicotine-induced DA signaling in hippocampus has been shown to be
necessary for LTP induction and nicotine reinforcement as measured by CPP (Tang and
Dani, 2009).

Exposure to nicotine and other drugs of abuse induces long term changes similar to LTP in
the motivational/reward pathway (Jones and Bonci, 2005; Kauer and Malenka, 2007).
Identifying the mechanism by which nicotine induces conscious and unconscious memory is
important for understanding addiction. Further, the differential response to chronic nicotine
exposure seen between our adolescent and adult animals may play a role in smoking
acquisition and the disparate outcomes observed between adolescent and adult smokers.

We have demonstrated striking differences in gene expression response of adolescent and
adult SD rats to chronic nicotine exposure. VTA gene expression profiles reveal a response
pattern suggesting adolescents are more severely affected in the long term relative to adult
animals. Further, chronic nicotine was shown to affect genes associated with neuronal
structure and function, LTP, circadian rhythm, and a number of psychological disorder
related pathways more robustly in our adolescent animals. Analysis of the significant genes
shared between age groups revealed convergence in some pathways (nervous system and
development, circadian rhythms) relative to age specific genes. These effects were much
more robust, however, in our adolescent animals. Our data suggest that adolescent rats have
a greater sensitivity to chronic nicotine’s effects and show a prolonged response in a number
of genetic pathways lasting well into adulthood. Further study of these areas may provide
promising targets for the treatment of drug abuse.
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Abbreviations

Acb nucleus accumbens

AMPA α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate

CPP conditioned place preference
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DA dopamine

FDR false discovery rate

GABA gamma amino butyric acid

GCOS Gene Chip Operating Software

IPA Ingenuity Pathway Analysis

LTP long-term potentiation

NMDA N-methyl D-aspartic acid

PN post-natal day

RT-PCR reverse transcriptase polymerase chain reaction

SD Sprague-Dawley

VTA ventral tegmental area
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Figure 1.
Gene expression correlation with chronic nicotine exposure. Heat maps of template-matched
genes show positive and negative correlations with chronic nicotine treatment. The black
graph above each heat map represents the specific template employed for matching, whereas
the red graph represents the mean expression values of all matched genes within each
column. Each pattern includes both a positive template (corresponding to gene up-
regulation, left) and a negative template (corresponding to gene down-regulation, right). A.
Genes showing a transient response to chronic nicotine in adolescent rats. B. Genes showing
a transient response to chronic nicotine in adult rats. C. Genes showing a transient response
to chronic nicotine shared between adolescent and adult rats. D. Genes showing a persistent
response to chronic nicotine in adolescent rats. E. Genes showing a persistent response to
chronic nicotine in adult rats. F. Genes showing a persistent response to chronic nicotine
shared between adolescent and adult rats. G. Genes showing a late response to chronic
nicotine in adolescent rats. H. Genes showing a late response to chronic nicotine in adult
rats. I. Genes showing a late response to chronic nicotine shared between adolescent and
adult rats.
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Figure 2.
Venn diagram of template-matched genes significantly regulated by chronic nicotine
treatment in adolescent and adult rats.
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Figure 3.
Over-represented biological functions with possible biological relevance to chronic nicotine
treatment. These data were generated in Ingenuity Pathways Analysis and significance is
expressed as the inverse log of the p-value.
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Figure 4.
Interaction network of genes significant for regulation by chronic nicotine falling within
Nervous System Development and Function, showing Adolescent network (main figure) and
corresponding Adult network (inset).

Doura et al. Page 16

Neuroscience. Author manuscript; available in PMC 2011 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Canonical pathways regulated by chronic nicotine. These data were generated in IPA and
are expressed as the inverse log of the p-value.
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Figure 6.
Synaptic long term potentiation canonical pathway in adolescent rats treated with chronic
nicotine. Genes shown in red are positively correlated and genes shown in green are
negatively correlated.
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Figure 7.
Quantitative real time RT-PCR validation of microarray data. Comparison of individual
template matched genes measured by microarray analysis (white bars) to real time RT-PCR
(black bars). Expression values for adolescents treated with saline (Sal), nicotine (Nic), or
nicotine followed by 30 days withdrawal (NicWD) were compared by one-way ANOVA
followed by Tukey’s post-hoc test. *Significantly different from Saline; +significantly
different from NicWD at P<0.05. Data are represented as the mean ± S.E.M. of 3-5
independent determinations.
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Table 1

List of primers used for real-time RTPCR validation. Shown are the NCBI accession numbers, primer
sequences and product sizes.

Gene Accession # Forward Primer (5’-3’) Reverse Primer (5’-3’) Amplicon

CTNNB1 NM_053357 TCATGCGCCTTTGCGGGAAC CGGACGCCCTCCACGAACTG 126

DDR1 NM_001166022 AGCCAAGTGCCGCTATGCCC GGCACCAAGCCCCATCTCCA 140

GRINA NM_153308 CATGGGAACTACCAGGAGGA GTCAGCACCAGGAACACCTT 119

KLF9 NM_057211 AAGCTCCGCAGCCACCCTCA CGGCGCGGTTGGAGATGGAA 125

MRAS NM_012981 AGCCCAGTTCCCAGTCTCTT TTGTCTGGTGCGTTGAATGT 101

NF1 NM_012609 GGCACTTCAAACCAAGCCGCA GGAAGACCAGCGAGGAGCGAG 101

NINJ2 NM_021595 ATGCCCCTGCCTCTCACCCA TGCAGTGCAACCAGAGTGCC 150

PPP1CA NM_031527 AACGAGATCCGTGGTCTTTG CTCGAACAGCCGTAGAAGGT 135

PPP1R14A NM_130403 GGCAGACATGCCAGATGAG CAGGCAAGCCTCCAAGAGT 134

PTPRF NM_019249 CAGCTCCTCTGAGCCATACC GGTGTTCTGGGCTCTCTGAC 103

REST NM_031788 ATGGCGAGGCAGGAGCAGGT TTGGCAGTGGTGACGGTGGG 118

VIP NM_053991 AGACCCAAGGAGGCACCGAGA TAGAGAGGCCAGGCCAGCGA 106

GLI1 XM_345832 TTCCATATCAGAGCCCCAAG ATGCAAAGCCAGATCCAAAC 105

RPL36AL NM_031105 GCCTCACAAAGTGACCCAGT TGTGGTTTTGGCCTTCTTTC 133
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Table 2

Number and function of genes identified by Ingenuity Pathways Analysis involved in nervous system
development and function in adolescent and adult animals including age-specific and shared genes.

Function Adolescent Adult

P-Value # of Genes P-Value # of Genes

Development of brain 1.33E-02 16 – –

Development of forebrain 1.95E-02 8 – –

Development of neurites 2.65E-03 18 – –

Growth of neurites 7.78E-03 24 – –

Learning of mice 4.23E-02 5 1.10E-02 5

Length of dendrites 2.00E-02 3 – –

Length of neurites 7.54E-03 6 – –

Long term depression 9.52E-03 6 – –

Morphogenesis of dendrites 2.72E-02 6 – –

Morphogenesis of neurites 4.89E-03 11 – –

Neurological process of axons 3.03E-02 11 – –

Neurological process of cerebral cortex 4.23E-02 5 – –

Neurological process of mice 2.59E-02 19 – –

Outgrowth of neurites 1.38E-02 21 – –

Quantity of presynaptic terminals – – 1.06E-04 3
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