
Gestational nicotine exposure modifies myelin gene
expression in the brains of adolescent rats with sex
differences
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Myelination defects in the central nervous system (CNS) are associated with various psychiatric disorders, including drug
addiction. As these disorders are often observed in individuals prenatally exposed to cigarette smoking, we tested the
hypothesis that such exposure impairs central myelination in adolescence, an important period of brain development and the
peak age of onset of psychiatric disorders. Pregnant Sprague Dawley rats were treated with nicotine (3 mg kg� 1 per day;
gestational nicotine (GN)) or gestational saline via osmotic mini pumps from gestational days 4–18. Both male and female
offsprings were killed on postnatal day 35 or 36, and three limbic brain regions, the prefrontal cortex (PFC), caudate putamen and
nucleus accumbens, were removed for measurement of gene expression and determination of morphological changes using
quantitative real-time PCR (qRT-PCR) array, western blotting and immunohistochemical staining. GN altered myelin gene
expression at both the mRNA and protein levels, with striking sex differences. Aberrant expression of myelin-related
transcription and trophic factors was seen in GN animals, which correlated highly with the alterations in the myelin gene
expression. These correlations suggest that these factors contribute to GN-induced alterations in myelin gene expression and
also indicate abnormal function of oligodendrocytes (OLGs), the myelin-producing cells in the CNS. It is unlikely that these
changes are attributable solely to an alteration in the number of OLGs, as the cell number was changed only in the PFC of GN
males. Together, our findings suggest that abnormal brain myelination underlies various psychiatric disorders and drug abuse
associated with prenatal exposure to cigarette smoke.
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Introduction

Maternal smoking during pregnancy (MSDP) has been
associated with a number of neuropsychiatric disorders in
the offspring, such as attention-deficit hyperactivity disorder,
conduct disorder, depression, autism and drug addiction.1

Sexual dimorphism has been observed in MSDP-induced
neuropsychiatric disorders. For example, boys exposed to
MSDP are more likely to develop conduct disorder than
nonexposed individuals, whereas girls showed a greater risk
of becoming drug dependent.2 Adolescence is a critical period
of brain development and the peak age of onset of psychiatric
disorders,3,4 and our recent studies have shown that gesta-
tional nicotine (GN) exposure impairs brain development
during adolescence.5,6

Myelin, a brain structure widely investigated decades ago,7

is attracting new interest because of its apparent involvement
in drug addiction and various psychiatric disorders, such as
schizophrenia, bipolar disorder and major depression.8,9

More interestingly, some recent studies have identified myelin
as an important target of many psychotropic drugs.10,11

Myelin is a membrane structure produced by oligodendro-
cytes (OLGs) in the central nervous system (CNS) and
consists of many specific proteins and large amounts of

glycolipids and cholesterol.7 The OLG–myelin complex has a

critical role in the maintenance of brain function. In addition to

increasing the conduction velocity of action potentials,12 the

OLGs synthesize neurotrophic factors, support neuronal

survival and modulate neurotransmission.13–15

Myelination in the CNS is a complex process involving OLG
precursor migration, proliferation and differentiation into

OLGs, followed by maturation and formation of a myelin

sheath around the axons.7 This process is regulated by a

combination of intrinsic programs and extrinsic factors,

including transcription factors, neurotransmitters, trophic

factors and cell adhesion molecules.16–18 Moreover, gonadal

hormones are involved in this complicated process,19,20 which

may contribute to the known sex differences in OLG

development, white matter maturation and pathology of

myelin-related diseases.21–23

Although previous imaging studies showed abnormal white
matter in smokers,24,25 it is not clear whether MSDP affects
brain myelination in the offspring. Given that both myelin
defects and MSDP are related to the etiology of psychiatric
diseases, we hypothesized that GN induces myelin abnorm-
alities in adolescent brains. We evaluated the expression of
a set of myelin-related genes in the brain regions critical in
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motor and motivation control. Given the potential sex differ-
ences, we evaluated both males and females. The number of
OLGs and the factors regulating OLG development and
myelination were examined to reveal potential mechanisms.

Considering the critical roles of the myelin–OLG complex in
the brain, it is important to clarify the effect of MSDP on brain
myelination, which may suggest an important mechanism
underlying psychiatric disorders and drug abuse in adoles-
cents exposed to cigarette smoking prenatally. By considering
age and sex, two critical factors in the development of
psychiatric disorders, our study provides a thorough evaluation
of the myelin gene expression. Given that myelin is a potential
target of psychotropic therapies, this information will help in
the development of more efficient treatment and prevention
strategies for psychiatric disorders and drug addiction.

Materials and methods

Animals and tissue collection. Sprague Dawley rats were
maintained in a temperature (21 1C)- and humidity (50%)-
controlled room on a 12-h light–dark cycle (lights on 0700–
1900 h) with unlimited access to food and water. Pregnant
rats (Harlan, San Diego, CA, USA) were treated with nicotine
or saline as previously described.26 Each dam was given
either nicotine at a concentration of 3 mg kg� 1 per day
(calculated free base) or saline via an osmotic minipump
(Alzet Model 2002, Durect, Cupertino, CA, USA, flow rate
51 ml per day) with a 14-day delivery period starting from
gestational day 4. The minipump was implanted subcuta-
neously on the back of each dam. Blood concentrations
resulting from this dose of nicotine are equivalent to those
found in humans who smoke about one and a half packs of
cigarettes per day.27 After birth, pups were cross-fostered on
non-drug-exposed mothers to minimize the effects of
abnormal maternal behaviors or milk output attributable to
nicotine treatment. As previously reported,28 GN treatment
did not influence dam weight gain, litter size or pup weight
gain during postnatal development. Pups were weaned on
postnatal day (P) 21, and for each gender, nonsibling
animals were used in each experiment. Adolescence in rats
was defined as the fifth and sixth postnatal weeks.3 Pups
aged P35 were decapitated, and tissues were collected from
the prefrontal cortex (PFC), caudate putamen (CPu) and
nucleus accumbens (NAc). The tissues were excised using a
brain punch tissue set (Stoelting, Wood Dale, WI, USA) and
rat brain matrices (Kent Scientific, Torrington, CT, USA)
according to coordinates from Paxinos and Watson.29 The
location of each brain region examined in this study is shown
in Figure 1. Tissue punches were stored at � 80 1C until use
for qRT-PCR assay (N¼ 5 or 6) or western blotting (N¼ 3 or
4). Animals for immunohistology staining were killed at P35–
36 by an overdose of pentobarbital administered intraper-
itoneally, followed by transcardial perfusion with phosphate-
buffered 4% paraformaldehyde with 4% sucrose (N¼ 3 or 4).
Brains were extracted, kept in fixative at 4 1C overnight and
stored in phosphate-buffered saline until sectioning done
at the NeuroScience Associates (Knoxville, TN, USA). All
experiments were carried out in accordance with the
Institutional Animal Care and Use Committees at the
University of California at Irvine, Irvine, CA, USA, and

University of Virginia, Charlottesville, VA, USA, and were
consistent with the Federal guidelines.

qRT-PCR array. After reviewing the myelin components and
factors regulating OLG development and myelin forma-
tion,7,18,30 we examined genes encoding 11 major myelin
proteins, 4 lipid-related enzymes, 9 myelin-related transcrip-
tion factors and 8 trophic factor-related proteins using
qRT-PCR. The primers were designed using Primer Express
(v. 3.0) software (Applied Biosystems, Carlsbad, CA, USA)
and spanned introns to avoid amplifying genomic 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, USA).
All the primers were tested for their specificity by checking
the cycle number and the dissociation curve before inclusion
in the qRT-PCR array. The primer sequences are listed in
Supplementary Table S1. RNA was isolated from each brain
region using TRIZol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions, and was
amplified as described previously for adequate cDNA probe
labeling.5 The qRT-PCR was conducted as described
previously.31,32 Briefly, the RT product was amplified in a
volume of 10 ml containing 5ml of 2� Power SYBR Green
PCR Master Mix (Applied Biosystems) and a combination
of sense and antisense primers (3 ml; final concentration

Figure 1 Brain regions analyzed in quantitative real-time PCR, and by myelin
basic protein and oligodendrocyte transcription factor 2 immunohistology. PFC,
prefrontal cortex; NAc, nucleus accumbens; CPu, caudate putamen.
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250 nM) in a 384-well plate using the 7900HT Sequence
Detection System (Applied Biosystems). Expressions of all
genes were normalized to the expression of actin and
glyceraldehyde 3-phosphate dehydrogenase, and then ana-
lyzed using a comparative Ct method.33 As data normalized
to glyceraldehyde 3-phosphate dehydrogenase yielded
results very similar to those normalized by actin, only the
results normalized by actin are provided in this report.

Western blotting assay. Tissue punches were homo-
genized in ice-cold RIPA lysis buffer (50 mM Tris Cl, 150 mM

NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate and
0.1% SDS) with protease inhibitor (Roche Applied Science,
Indianapolis, IN, USA). The protein concentrations of the
lysates were determined using the Bio-Rad assay (Bio-Rad
Laboratories, Hercules, CA, USA). Five micrograms of
protein from each sample was loaded in 15% resolving gels
with 5% stacking gels and was separated by SDS-poly-
acrylamide gel electrophoresis. The separated proteins were
transferred electrophoretically to nitrocellulose membranes
(PerkinElmer, Waltham, MA, USA) for 1 h at 100 V at room
temperature. The membranes were blocked for 1 h at room
temperature with 1% bovine serum albumin dissolved in Tris-
buffered saline with Tween 2000 buffer and incubated
overnight with mouse anti-myelin basic protein (MBP), a.a.
129–138 monoclonal antibody (Millipore, Billerica, MA, USA;
1:500) at 4 1C. Membranes were washed three times for
10 min each in Tris-buffered saline with Tween 2000 buffer
and incubated for 1 h at room temperature with secondary
antibodies (1:5000; anti-mouse IgG, horseradish peroxidase
labeled (PerkinElmer)). The hybridized membranes were
washed with Tris-buffered saline with Tween 2000 buffer
three times for 10 min each, and the immunoreactivity of the
proteins was detected using Western Lightning Chemilumines-
cence Reagent Plus (PerkinElmer) and exposure to X-ray film.
Tubulin protein was used as an internal control for discrepan-
cies in the loading of proteins in each lane. A mouse mono-
clonal antibody to a-tubulin (Abcam, Cambridge, MA, USA),
was used as the primary antibody (1:2000) and an anti-mouse
IgG as the secondary antibody in western blotting for tubulin.

Immunohistochemistry. Brains received at the Neuro-
Science Associates were treated with 20% glycerol and 2%
dimethylsulfoxide, and were embedded in a gelatin matrix
using MultiBrain Technology (NeuroScience Associates).
The MultiBrain blocks of embedded brains were frozen and
sectioned in the coronal plane at 30 mm on an AO 860 sliding
microtome (IMEB, North Andover, MA, USA). Sections were
collected into Antigen Preserve solution (50% ethylene
glycol, 49% phosphate-buffered saline pH 7.0, 1% polyvinyl
pyrrolidone). After blocking by hydrogen peroxide and
nonimmune serum, the sections were immunostained with
a primary antibody overnight at room temperature. SMI-99
(Covance, Princeton, NJ, USA, SMI-99p, 1:5000 dilution), an
antibody against MBP, was used to identify myelinated
fibers. Olig2 (1:500 dilution) immunohistology was used to
identify OLG cell bodies. Following washing, sections were
incubated in a biotinylated secondary antibody for 2 h at room
temperature. After additional washes, sections were incubated
in an avidin–biotin–horseradish peroxidase complex for 1 h at

room temperature (Vector Laboratories, Burlingame, CA, USA).
The sections were developed with diaminobenzidine tetrahy-
drochloride and hydrogen peroxide, and were mounted on
gelatinized glass slides. After being dehydrated in a standard
alcohol series, the slides were coverslipped with Permount.

Image capture and analysis. The sections analyzed in the
imaging-related experiment were comparable to those qua-
ntified in qRT-PCR (Figure 1). Images of CPu were captured
on a Nikon 90i microscope (Nikon, Tokyo, Japan) using an
objective with � 10 magnification and NIS Elements BR 2.30
software (Nikon) at the highest resolution (4116� 3072).
Images of the PFC were captured using an objective with a
� 20 magnification.

The images were opened in Photoshop CS5, converted to
grayscale and were inverted. This produced an image with a
dark background and light myelin, and a positive number for
optical density. Eight measurements of optical density in the
PFC were taken from one section for each brain. Specifically,
one column of four measurements was on the lateral end of
the prelimbic cortex, and one column of four measurements
as from the midline of the prelimbic cortex. Myelin staining was
virtually absent in proximity to the central sulcus. The average
of the eight measurements was calculated, and the values
were compared. For the CPu, 10 measurements were taken
from random locations between the fiber bundles in the dorsal
part of CPu in each brain, and the average was calculated.
The integrated optical density of the fiber bundles and the
average bundle size in the same locations were further
analyzed using Image J (rsb.info.nih.gov/ij). Two levels of the
CPu 180 mm apart in the rostral–caudal axis were analyzed,
and the averages from the two levels for each brain were
calculated and compared.

For the Olig2 staining, cell numbers were counted using
Image J with background subtracting at 100 pixels and particle
size as 20–50 pixel units. For each brain, cell numbers at two
levels 180 mm apart in the rostral–caudal axis were quantified,
and the average was calculated for further comparison.

Data analysis. Data were analyzed by mixed-design analy-
sis of variance with between-subject factors (age, sex, brain
region and drug) and a within-subject factor (gene).
Significant main effects and interactions were further
analyzed by appropriate analysis of variance and post-hoc
analysis with Bonferroni correction for multiple comparisons.
Significant alteration in mRNA expression was defined as a
fold change 420% with a P-value o0.05.

Results

mRNA expression of major myelin genes and protein
expression of Mbp in the PFC. GN significantly altered
myelin gene expression in the PFC in a sex-dependent way.
In males (Figure 2a), GN increased the expression of Mbp,
myelin-associated oligodendrocytic basic protein (Mobp),
proteolipid protein 1 (Plp1), myelin-associated glycoprotein
(Mag), gap junction membrane channel protein epsilon 1
(Gje1), gap junction protein alpha 12, 47 kDa (Gjc2) and
claudin 11 (Cldn11; Po0.05 for each gene). In contrast, all
genes except Gjc2 were significantly downregulated in GN

Prenatal nicotine exposure alters myelin gene expression
J Cao et al

3

Translational Psychiatry



females (Figure 2b; Po0.01 for Mbp, Cnp, Mag, Mog, Mal
and Cldn11; Po0.05 for Mobp, Plp1, Gje1, Gjb1). The GN
treatment had no effects on glial fibrillary acidic protein
(Gfap), chondroitin sulfate proteoglycan 4 (Cspg4) or ionized
calcium-binding adaptor molecule 1 (Iba1), the markers for
astrocytes, synantocytes and microglia, respectively, in
either males or females (Figures 2c and d).

MBP is the second most abundant CNS myelin protein and
is critical in maintenance of the myelin sheaths.34 Deficits in
MBP expression lead to an overall downregulation of other
myelin protein expression.35 Therefore, we selectively exam-
ined MBP protein expression. Consistent with the modifica-
tions seen at the mRNA level, we found that Mbp was
upregulated in GN males but downregulated in GN females
(Figures 2e and f).

mRNA expression of myelin lipid-related enzymes in the
PFC. Given that the myelin structure is characterized by
large amounts of lipids, we evaluated the mRNA expression
of three enzymes involved in lipid synthesis, namely, UDP
glycosyltransferase 8 (Ugt8), aspartoacylase (Aspa) and
farnesyl diphosphate farnesyl transferase 1 (Fdft1). We also
evaluated the expression of galactosylceramidase (Galc),
which catalyzes the hydrolytic cleavage of galactose from
galactocerebroside (Figure 3). GN exposure significantly
altered gene expression in a sex-dependent way. Both Ugt8
(Po0.05) and Aspa (Po0.01) were significantly upregulated
by GN in the PFC of males (Figure 3a).

mRNA expression of myelin genes in the striatum. We
further evaluated mRNA expression of myelin genes in the
striatum, including the CPu and NAc. The GN treatment
significantly modified the myelin gene expression in the
striatum in a sex-dependent manner (Table 1). In the CPu, all
examined genes except Gje1, Gjb1 and Fdft1 were
significantly upregulated in GN males (Po0.01 for Cldn11,
Mal and Gjc2; Po0.05 for Mbp, Mobp, Plp1, Cnp, Mag, Mog,
Ugt8, Aspa and Galc). None of these genes was significantly
modified in GN females. In the NAc, Mbp, Mobp, Plp1, Cnp,
Mog, Gjb1 and Ugt8 were upregulated in GN males (Po0.05
for each gene), whereas only Mbp and Plp1 were upregu-
lated in GN females (Po0.05 for each gene). In contrast,
neither Cspg4 nor Iba1 was affected by GN in any brain
region, whereas Gfap was upregulated only in the CPu of GN
males (Po0.01).

MBP immunohistology. The MBP staining showed fine
fibers in the PFC (Figures 4a–d). The GN males had denser
myelinated fibers, whereas GN females had fewer myeli-
nated fibers, compared with the gestational saline (GS) the
rats. These findings were confirmed by quantification of the
optical density, which showed a significant interaction of sex
and drug (F1, 8¼ 5.753; Po0.05) and a significant increase in
GN males compared with GS males (Po0.05; Figure 4e).
The MBP staining in the CPu showed large fiber bundles with
fine fibers in between (Figures 4f–i). The optical densities of
the fine fibers were not changed in either males (GN:
66±0.7; GS: 67.0±1.9) or females (GN: 65.1±0.9; GS:
63.9±0.3). However, the integrated optical density of the
fiber bundles was significantly higher in GN males (Po0.05)

than in control males (Figure 4J). Given the similar optical
density, the integrated optical density reflects an increase in
the average bundle size in GN males (GN: 12 575.5±274.1;
GS: 10 798.1±297.0, Po0.05).

mRNA expression of transcription factors. Given that the
expression of myelin genes was altered at the mRNA level,
we assayed the mRNA expression of nine transcription
factors that regulate the myelin gene expression (Figure 5).
As CPu and NAc showed a similar pattern of modification, we
examined only the expression of transcription factors in the
PFC and CPu. The GN treatment significantly modified the
expression of these genes in a brain region- and sex-
dependent manner. In the PFC, GN increased the expres-
sion of OLG transcription factor-1 (Olig1; Po0.01), Olig2
(Po0.001), Olig3 (Po0.01) and SRY box 10 (Sox10;
Po0.05) in males (Figure 5a), whereas GN decreased the
expression of Olig3 (Po0.05), Sox10 (Po0.05) and NK6
homeobox 2 (Nkx6-2; Po0.01) in females (Figure 5b). In the
CPu, GN increased the expression of Olig1, Olig2, SRY box
8 (Sox8), SRY box 9 (Sox9), Sox10, NK2 transcription factor-
related locus 2 (Nkx2-2) and Nkx6-2 in males (Figure 5c),
whereas GN increased the expression only of Sox9 in
females (Po0.05 for each gene; Figure 5d).

mRNA expression of trophic factors. Considering that
trophic factors have an important role in OLG development
and myelin formation, we assayed the mRNA expression of
eight trophic factors in the PFC and CPu (Table 2). The GN
treatment significantly modified the expression of these
factors. In the PFC, GN increased the expression of
insulin-like growth factor-1 (Igf1; Po0.001), ciliary neuro-
trophic factor (Cntf; Po0.05) and transferrin (Tf; Po0.05) in
males, but decreased the expression of Tf and v-erb-b2
erythroblastic leukemia viral oncogene homolog 3 (Erbb3) in
females (Po0.05). In the CPu (Table 2), GN increased the
expression of Erbb3, beta-site APP-cleaving enzyme 1
(Bace1), neurotrophin 3 (Ntf3) and Tf in males (Po0.05 for
each gene), whereas GN increased the expression of Erbb3
in females (Po0.01).

Determination of number of OLGs. To examine whether
the alteration in myelin gene expression is secondary to a
change in the number of OLGs, we determined the number of
OLGs in both the PFC and CPu. The number of OLGs was
increased in the PFC of GN male rats (see Figures 6a, b and
e; Po0.05 for all of them) but not in the females (Figures 6c–e).
In contrast, the number of OLGs in the CPu was not changed in
either males (GS: 7580±137; GN: 7953±134 per mm2) or
females (GS: 7628±170; GN: 8208±321 per mm2).

Discussion

Brain myelin has recently received increased attention, as it
provides a common mechanism for various psychiatric
disorders and addictions, and a potential target for psycho-
tropic treatments. Although many studies have shown the
effects of GN on the CNS,36,37 it is not clear whether GN alters
central myelination. We found that GN altered the expression
of a number of genes involved in myelination in adolescent
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brains, with sex and brain region differences, indicating
that GN disturbs OLG development and myelin formation.
The abnormal expression of myelin-related transcription and
trophic factors correlated with that of myelin genes,

suggesting that these factors are involved in GN-induced
alteration in myelin gene expression and may also reflect the
abnormal functions of OLGs. These changes are not
attributable solely to a change in OLG proliferation or turnover,

Figure 2 Fold change in mRNA expression of major myelin genes and protein expression of myelin basic protein (MBP) in the prefrontal cortex (PFC) of adolescent
animals treated with gestational nicotine (GN; black bars) or saline (GS; white bars). Eleven major myelin genes (a, b) with glial fibrillary acidic protein (Gfap), chondroitin
sulfate proteoglycan 4 (Cspg4) and ionized calcium-binding adaptor molecule 1 (Iba1), the markers for astrocytes, synantocytes and microglia, respectively (c, d) were
examined by quantitative real-time PCR in both males (a, c) and females (b, d) (N¼ 5 or 6). The three-way mixed-design analysis of variance with two between-subject factors
(that is, sex and drug) and one within-subject factor (that is, gene) showed a significant sex effect (F1, 17¼ 7.893; P¼ 0.012) and interaction of sex and drug (F1, 17¼ 7.901;
P¼ 0.012). Expression of MBP protein was evaluated by western blotting. (e) Representative images for MBP and tubulin. (f) Fold change of MBP in GN animals compared
with GS animals after normalization to tubulin (N¼ 3 or 4). Data are expressed as means±s.e.m. *Po0.05, **Po0.01 significantly different from GS. Mobp, myelin-
associated oligodendrocytic basic protein; Plp1, proteolipid protein 1; Cnp, 20,30-cyclic nucleotide 30 phosphodiesterase; Mag, myelin-associated glycoprotein; Mog, myelin
oligodendrocyte glycoprotein; Mal, T-cell differentiation protein; Gje1, gap junction membrane channel protein epsilon 1; Gjc2, gap junction protein, alpha 12, 47kDa; Gjb1, gap
junction protein, beta 1; Cldn11, claudin 11.
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as the number of OLG was changed only in the PFC of GN
males. Given that defects in central myelination have been
observed in various psychiatric disorders and drug abuse,38

MSDP might increase the risks of these diseases in the
offspring by disturbing OLG development and myelination in
the CNS.

GN altered the myelin gene expression in adolescents
with brain region and sex differences. The GN treatment
modified mRNA expression of a number of genes encoding
major myelin proteins. Among these genes, MBP is critical in
maintaining myelin structure, and deficits in MBP expression
lead to an overall downregulation of other myelin protein
expression.7,35 Therefore, we confirmed that MBP protein
expression was changed in the PFC by GN treatment, and
MBP immunohistology investigation suggested abnormal
myelin formation in both the PFC and the CPu of GN
animals. Knockout of some myelin genes, such as Plp, Mag
or Cnp, leads to axonal swelling followed by neuronal
degeneration.14 Therefore, modifications of these genes
may influence neuronal survival. We have previously shown
that GN changes apoptosis pathways in the limbic system of
female adolescents,6 which may be attributable to the myelin
abnormalities. In addition, deficits in connexin expression

(Gje1, Gjc2 and Gjb1) suggest abnormal interactions
between OLGs and astrocytes.39 In addition to the genes
encoding major myelin proteins, the expression of enzymes
involved in lipid synthesis and metabolism were changed by
GN, which further suggests abnormalities in myelin structure
and function. Recent study of human tissues suggests that
prenatal exposure to nicotine leads to abnormal glial
development.40 We showed that the markers of other glial
cells expressed normally in most brain regions of GN rats,
which suggests that GN has a stronger effect on OLGs than
on other glial cells.

The alteration of myelin gene expression at the mRNA,
protein and morphologic levels suggests that GN changes
central myelination in adolescents. Brain maturation during
adolescence is characterized by increased myelination,
especially in the PFC.41 Consistent with the brain-region
differences in development, we found that GN increased the
expression of myelin genes in GN males, with more affected
genes and higher fold changes in the PFC than in other brain
regions. Interestingly, GN had the opposite effect on myelin
gene expression in the PFC of females. This observation
suggests that GN enhances the active myelination process in
adolescent male animals but decreases it in females.
Although myelin gene expression appeared normal in the
CPu of females, this effect is likely to be temporary, as we
observed a general decrease in the expression of these genes
in the CPu of adult females prenatally exposed to nicotine
(data not shown). We also observed abnormal myelin gene
expression in the NAc in both adolescent males and females,
which showed a pattern similar to that in the CPu. However,
the two major myelin proteins, MBP and PLP, were modified in
the NAc but not in the CPu of adolescent females, suggesting
that myelination in the ventral striatum of females is more
vulnerable to GN. Given that dysfunctions of these brain
regions are involved in many psychiatric disorders,42,43 myelin
abnormalities in these regions may shed light on the link
between MSDP and neurobehavioral problems in the off-
spring. A decrease in myelin gene expression in the cortex
and striatum has been observed in drug abusers and patients
with schizophrenia, bipolar disorder and major depressive
disorder.38 The downregulation of myelin genes in GN
females implies that girls whose mothers smoked during
pregnancy are susceptible to these disorders. In fact, girls
exposed to maternal smoking prenatally have a greater risk of
becoming drug dependent than nonexposed individuals.2

Although the consequences of upregulation of myelin gene
expression in males are not clear, there are studies showing
overexpression of myelin genes, such as Plp and Cnp, leading
to striking aberrant myelin sheath.44–47 It also has been
suggested that hypermyelination leads to cognitive pro-
blems.48 We observed abnormal myelin gene expression in
juveniles and adults (data not shown); however, the pattern of
modification is significantly different from that in adolescents.
This observation correlates with the fact that adolescence is a
period of vulnerability to many psychiatric disorders and drug
abuse,4,49–51 which further indicates that myelin deficits are
related to MSDP-induced psychiatric disorders.

Potential mechanisms. The mechanisms underlying the
effect of gestational nicotine treatment on adolescents are

Figure 3 Fold change in mRNA expression of myelin lipid-related enzymes in
the prefrontal cortex (PFC) of adolescent animals treated with gestational nicotine
(GN; black bars) or saline (GS; white bars). Four genes, UDP glycosyltransferase 8
(Ugt8), aspartoacylase (Aspa), farnesyl diphosphate farnesyl transferase 1 (Fdft1)
and galactosylceramidase (Galc), were evaluated using quantitative real-time PCR in
both males (a) and females (b). The three-way mixed-design analysis of variance
with two between-subject factors (that is, sex and drug) and one within-subject factor
(that is, gene) showed a significant sex effect (F1, 17¼ 11.458, P¼ 0.004) and an
interaction of sex and drug (F1, 17¼ 15.901; P¼ 0.001). Data are expressed as
means±s.e.m. *Po0.05, ***Po0.001 significantly different from GS (N¼ 5 or 6).
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complicated. As these animals were exposed to nicotine only
during prenatal development, the effect on myelin gene
expression in adolescents is likely due to a direct effect of

nicotine on fetal development, which leads to subsequently
disruption of the brain development during adolescence.
Nicotinic acetylcholine receptors are expressed on OLG

Table 1 mRNA fold changes of myelin genes in the CPu and NAc of GN animals

Category Gene symbol CPu NAc

Male Female Male Female

Major myelin proteins Mbp 1.26±0.10* 1.08±0.03 1.38±0.10* 1.29±0.10*
Mobp 1.26±0.09* 1.14±0.04 1.46±0.15* 1.26±0.10
Plp1 1.24±0.08* 1.13±0.04 1.31±0.11* 1.31±0.08*
Cnp 1.35±0.11* 0.93±0.05 1.26±0.07* 0.99±0.11
Mag 1.30±0.11* 1.09±0.05 1.32±0.13 1.06±0.13
Mog 1.40±0.16* 1.06±0.05 1.36±0.08* 1.07±0.10
Mal 1.44±0.10** 0.95±0.04 1.20±0.11 1.09±0.13
Gje1 1.23±0.14 1.01±0.04 1.28±0.10 1.14±0.11
Gjc2 1.36±0.09** 1.19±0.08 1.36±0.15 0.95±0.13
Gjb1 1.17±0.11 1.10±0.07 1.29±0.10* 1.09±0.12

Cldn11 1.38±0.08** 1.17±0.05 1.27±0.13 1.23±0.16
Lipid-related enzyme Ugt8 1.30±0.12* 1.03±0.05 1.40±0.12* 1.17±0.05

Aspa 1.28±0.12* 1.15±0.05 1.22±0.10 1.06±0.07
Galc 1.22±0.08* 1.08±0.07 1.15±0.06 1.10±0.08

Marker of astrocytes Gfap 1.98±0.23** 1.05±0.13 1.01±0.12 0.75±0.08
Marker of synantocytes Cspg4 0.99±0.04 1.07±0.04 0.90±0.04 1.08±0.06
Marker of microglia Iba1 0.96±0.04 0.83±0.05 1.17±0.10 0.95±0.09

Abbreviations: CPu, caudate putamen; NAc, nucleus accumbens; GN, gestational nicotine; GS, gestational saline; Mbp, myelin basic protein; Mobp, myelin-
associated oligodendrocytic basic protein; Plp1, proteolipid protein 1, Cnp, 20,30-cyclic nucleotide 30 phosphodiesterase; Mag, myelin-associated glycoprotein; Mog,
myelin oligodendrocyte glycoprotein; Mal, T-cell differentiation protein; Gje1, gap junction membrane channel protein epsilon 1; Gjc2, gap junction protein, alpha 12,
47 kDa; Gjb1, gap junction protein, beta 1; Cldn11, claudin 11; Ugt8, UDP glycosyltransferase 8; Aspa, aspartoacylase; Galc, galactosylceramidase; Gfap, glial
fibrillary acidic protein; Cspg4, chondroitin sulfate proteoglycan 4; Iba1, ionized calcium-binding adaptor molecule 1.
The four-way mixed-design analysis of variance with three between-subject factors (sex, drug and brain region) and one within-subject factor (gene) showed
significant effects of drug (F1, 31¼ 24.149; Po0.001) and sex (F1, 31¼7.101; P¼ 0.012). Data are expressed as means±s.e.m. *Po0.05, **Po0.01 significantly
different from GS animals; N¼4 or 5.

Figure 4 Immunohistology staining for myelin basic protein (MBP) in the prefrontal cortex (PFC) and caudate putamen (CPu) of adolescent animals. Representative
images were captured from the PFC (a–d) and CPu (f–i) from both male and female rats exposed to gestational nicotine (GN) or saline (GS). Optical density in the PFC (e) and
integrated optical density (optic density� average bundle size) in the CPu (j) were quantified and compared in GN (black bars) and GS (white bars) animals. The two-way
analysis of variance showed a significant interaction of sex and drug (F1, 8¼ 5.753; Po0.05). Data are expressed as means±s.e.m. (N¼ 3 or 4). *Po0.05 significantly
different from GS.
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precursors but not in differentiated OLG.52 Although very
limited studies examined the functions of nicotinic acetylcho-
line receptors on OLG precursors, our pilot study has
suggested that nicotine can induce OLG precursor prolifera-
tion (data not shown). On the other hand, nicotine has
indirect effects on OLG development, such as by altering
neurotransmission and trophic factor expression. We
showed that the number of OLGs was increased in the
PFC of GN males, which may contribute to the increased
myelin gene expression detected. Given that Cspg4, the
marker of the OLG precursor, was not changed in the PFC,
the alteration in the number of OLGs could be secondary to a
decrease in cell turnover or an increase in cell proliferation at
an earlier age. In contrast to the male PFC, the cell number
was not changed in the PFC of females or in the CPu of

males in which the gene expression was altered. These
findings suggest that GN changes myelin production, but not
cell proliferation or turnover, in these groups. In general,
abnormal myelin gene expression is attributable to more than
a change in cell numbers.

The sex and brain region differences may be related to
gonadal hormones. Gonadal hormones stimulate OLG
development and myelination.19,53 They also contribute to
the brain region-dependent sexual dimorphism in white matter
development during adolescence.54 Puberty is characterized
by a dramatic change in gonadal hormone levels and starts
around P35 in rats, at which time our adolescent animals were
examined. It has been suggested that GN delays the onset of
puberty in female animals,55 whereas early onset of puberty
in males has been linked to MSDP.56 Therefore, gonadal

Figure 5 Fold change in mRNA expression of transcription factors in the prefrontal cortex (PFC) (a, b) and caudate putamen (CPu) (c, d) of adolescent rats exposed to
gestational nicotine (GN; black bars) or saline (GS; white bars). The four-way mixed-design analysis of variance with three between-subject factors (that is, sex, brain region
and drug) and one within-subject factor (that is, gene) showed significant effects of drug (F1, 36¼ 42.834; Po0.001) and sex (F1, 36¼ 37.246; Po0.001), and an interaction of
brain region with drug and sex (F1, 36¼ 10.719; P¼ 0.002). Data are expressed as means±s.e.m. (N¼ 4 or 5). *Po0.05; **Po0.01; ***Po0.001 significantly different from
GS. Olig1, Olig2 and Olig3: oligodendrocyte transcription factor-1, 2 and 3; Sox8, Sox9 and Sox10: SRY box 8, 9 and 10; Nkx2-2, NK2 transcription factor related, locus 2;
Nkx6-2, NK6 homeobox 2; Myt1, myelin transcription factor-1.

Table 2 mRNA fold changes of trophic factors in the PFC and CPu of GN animals

Gene family Gene symbol PFC CPu

Male Female Male Female

Neuregulin systems Nrg1 0.93±0.07 0.86±0.05 0.85±0.05 1.01±0.05
Erbb3 1.34±0.14 0.67±0.06* 1.51±0.16* 1.20±0.03
Bace1 1.10±0.04 0.95±0.04 1.20±0.05* 1.06±0.03

Trophic factors Igf1 1.38±0.04*** 1.05±0.05 1.08±0.06 1.00±0.05
Ntf3 0.92±0.09 1.16±0.10 2.69±0.67* 1.78±1.00
Cntf 1.38±0.10* 0.91±0.06 0.90±0.05 1.00±0.05
Lif 0.99±0.21 1.07±0.14 0.85±0.07 0.78±0.16

Iron transporter Tf 1.70±0.22* 0.52±0.10* 1.28±0.07* 0.95±0.08

Abbreviations: CPu, caudate putamen; PFC, prefrontal cortex; GN, gestational nicotine; GS, gestational saline; Nrg1, neuregulin 1; Erbb3, v-erb-b2 erythroblastic
leukemia viral oncogene homolog 3; Bace1, beta-site APP cleaving enzyme 1; Igf1, insulin-like growth factor-1; Ntf3, Neurotrophin 3; Cntf, ciliary neurotrophic factor;
Lif, leukemia inhibitory factor; Tf, transferrin.
The four-way mixed-design analysis of variance with three between-subject factors (sex, drug and brain region) and one within-subject factor (gene) showed
significant effects of drug (F1, 36¼42.834; Po0.001) and sex (F1, 36¼37.246; Po0.001) with an interaction of brain region with drug and sex (F1, 36¼ 10.719;
P¼ 0.002). Data are expressed as means±s.e.m. *Po0.05, **Po0.01, ***Po0.001 significantly different from GS animals; N¼ 4 or 5.
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hormones may contribute to the opposite sex differences
observed in the PFC with GN treatment. Future studies on
gonadal hormone concentrations in this animal model will help
to answer this question.

In addition to the involvement of gonadal hormones, both
OLG development and myelin formation are regulated by
intrinsic programs, such as transcriptional regulation, and also
by extrinsic factors, including trophic factors.57

Transcription factors. All the transcription factors examined
positively modulate myelin gene expression.30 The changes
in the expression of these transcriptional factors are in the
same direction as those of myelin gene expression. The
correlations between the modifications of myelin gene
expression and transcription factors support the view that
transcription factors function as networks to regulate myelin
gene expression.30

Trophic factors. The neuregulin system and growth factors
have important roles in OLG development and myelination.17

We showed that GN modified the expression of Erbb3, one of
the neuregulin receptors, BACE1, an aspartyl protease
involved in the proteolysis of neuregulin, and Cntf, Ntf3 and
Igf1, which may further contribute to GN-induced myelin
abnormalities. As no gene was predominantly responsible for
the myelin abnormalities in all the groups, growth factors may
regulate myelination in a brain region- and sex-dependent
manner. Moreover, Tf, an iron transporter critical in OLG

maturation and myelination,58 was modified by GN in a way
similar to that of myelin genes. Given the existence of both
extracellular and intracellular forms,59 Tf may serve as both
an intrinsic and an extrinsic regulation factor in GN-induced
myelin abnormality.

Although there is no direct evidence to support the view that
GN alters myelin gene expression by changing transcription
factors and trophic factors, the correlations strongly suggest
that these genes are involved in GN-induced myelin deficits.
On the other hand, OLGs also synthesize these trophic
factors,13 and most of the transcriptional factors examined are
highly expressed in OLGs. Therefore, the alteration in
expression of these genes suggests abnormal function of
OLGs.

Conclusions

Our data clearly show that GN altered central myelin gene
expression in adolescents, with sex and brain-region differ-
ences. Although the exact regulatory mechanisms remain to
be characterized, our findings showed that the change in
myelin-related transcription and trophic factors is correlated
with that in myelin genes. The abnormal expression of
transcription and trophic factors also suggests functional
defects in the OLG–myelin complex. Our results therefore
offer a mechanism underlying psychiatric disorders and drug
abuse associated with MSDP. Considering the critical roles of
myelin in the brain, the abnormal myelin gene expression
further suggests some unknown neurological problems
related to MSDP. Finally, the striking sex differences imply a
need for different psychotropic therapies for male and female
subjects.
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