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Abstract

Background: Although maternal smoking during pregnancy disrupts offspring development, it is not clear
whether smoking before pregnancy has any effect on the next generation. Given that nicotine, the major psychoactive component in cigarettes, is toxic to many organs, we hypothesized that maternal smoking even before
a pregnancy affects offspring development. Myelin is an important structure in the nervous system, and deficits
in myelin are related to many psychiatric disorders and drug addiction. We therefore examined the effect of
maternal exposure to nicotine on the expression of myelin genes in the offspring using zebrafish as a model.
Methods: Female adult zebrafish were exposed to nicotine through water at a concentration of 1, 5, 10, 15, 20, 25,
or 30 lM (nicotine base) for either 1 h or a continuous 24 h each day for 4 months. The nicotine-treated females
were then bred with drug-naive males, and the embryos and larvae were grown in a nicotine-free environment.
Maternal survival rates were calculated. Larvae of those exposed to nicotine at a dose of 1, 5, 10, 15, or 20 lM for
24 h each day were collected at 4, 7, or 14 days postfertilization (dpf). The mRNA expression of myelin-related
genes was examined using quantitative RT-PCR.
Results: The mRNA expression of most genes encoding myelin major proteins increased with age. These genes
were generally downregulated by maternal nicotine exposure in 4 dpf larvae, whereas they were upregulated in
14 dpf larvae. The expression of myelin-related transcription regulators correlated well with that of myelin major
proteins.
Conclusions: Prepregnancy nicotine exposure altered myelin gene expression in the offspring, implying that
maternal smoking before pregnancy affects the next generation.

release of the neurotransmitter dopamine in the nucleus accumbens by direct activation of nicotinic acetylcholine receptors on the neurons of the mesolimbic dopaminergic
pathway.10 Nicotine produces significant activation of cognitive functions directly or indirectly on cortical neurons. It
also produces positive effects such as neuroprotection, neuroplasticity, and better performance of synaptic circuits. On
the other hand, nicotine induces apoptosis and oxidative
stress, and high doses of nicotine can impair memory.11 In
zebrafish, nicotine induces axon path-finding errors in embryonic development.12 Considering that the expression of
neuronal nicotinic acetylcholine receptors can be detected in
oligodendrocyte progenitor cells13 and the number of glia
cells is increased in the brain of rats with prenatal nicotine
exposure,14 nicotine appears to have much more complicated
functions. Very recently, it was shown that gestational nicotine exposure modifies brain myelination with sex differences

Introduction

S

moking in women remains a serious public health
problem. Despite wide knowledge of its devastating
health consequences, more than 20% of American women of
child-bearing age continue to smoke cigarettes, and this rate
has remained relatively stable for the past 10 years.1 Although
many studies have focused on the effects of smoking during
pregnancy,2,3 it is not clear whether smoking before pregnancy has any effect on the development of offspring. Given
that smoking damages many organs in the human body, including the reproductive system,1 it is possible that smoking
history affects future pregnancy and offspring development.
Regarding the effects of nicotine on the nervous system,
previous studies mostly focused on drug addiction and dependence, anxiolytic effects, cognitive function, or the dopamine neurotransmitter system.4–9 Nicotine stimulates the
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in rats.15 To expand these findings, in this study, we report the
effect of nicotine on myelin genes in zebrafish.
Myelin, a multilayered membrane structure around axons,
plays an important role in maintaining the functions of the
nervous system.16–18 In addition to covering and insulating
nerves, myelin increases the conduction of the saltatory nerve
impulse, supports neuronal survival, and modulates neurotransmission.19,20 Myelin defects have been related to many
psychiatric disorders, such as schizophrenia, bipolar disorder,
major depression, and drug addiction.21–23 Our recent study
using a rodent model suggested that maternal smoking during pregnancy alters myelin development in the brains of
offspring when they reach adolescence.15 However, it is not
clear whether myelin development in offspring is vulnerable
to maternal smoking before pregnancy.
The zebrafish has been used as a model to study the effects
of nicotine, the major psychoactive component in tobacco.24,25
The innate characteristics of zebrafish provide many research
advantages, including small size, high reproduction rates,
rapid cycle time, and externally developing transparent embryos.24,25 Studies using this model have shown that direct
exposure to nicotine can disrupt embryonic development,12,26–28 induce addiction behaviors,29 reduce stress,5 and
change cognitive function.7
Myelin in zebrafish is homologous to the protein of mammals, and thus, zebrafish have been used to study myelin
development.20,30 Myelination in zebrafish correlates well
with the expression of proteins, such as myelin basic protein
(Mbp), myelin protein zero (Mpz), and myelin proteolipid
protein (Plp1).19,31,32 These proteins are observed in zebrafish
larvae as early as 2 days postfertilization (dpf).19 Some myelin
proteins, including 36k, zwilling-A (zwiA), and zwilling-B
(zwiB), are specifically expressed in this teleost.33,34 The expression of myelin proteins is highly regulated at the mRNA
level. Sex-determining region Y-box containing gene (Sox) 10,
a transcription factor, regulates the expression of the mRNA
of Mbp either by itself or by interaction with another transcription factor, Olig1.35,36 Sox10 can also stimulate the expression of Mpz in the central nervous system.32 Kif1b, a
mRNA transporter, is required autonomously for proper localization of Mbp and 36k mRNA in oligodendrocytes, the
myelin-producing cells in the central nervous system.21,37
The primary objective of this study was to examine whether smoking before pregnancy affects offspring development. To reach this goal, female zebrafish were exposed to
nicotine, whereas their embryos and larvae were cultured in a
nicotine-free environment. Considering that myelin plays an
important role in the nervous system, we assessed the expression of major myelin proteins and their regulators in the
larvae.
Materials and Methods
Animal care and maintenance
Adult zebrafish were maintained in water tanks with 28C
aerated water and fed fairy shrimp. The embryos and larvae
were kept in 28C embryo medium and fed yolk-water beginning on 5 dpf and fairy shrimp larvae after 10 dpf. All
animals were kept on a 14 h/10 h light/dark cycle. All experiments were performed in full accordance to the requirement by Governing Regulation for the Use of Experimental
Animals in Zhejiang Province.
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Nicotine administration and larvae collection
Tank water containing liquid nicotine base (Sigma, St.
Louis, MO) was prepared freshly and changed every day.
Adult females were exposed to nicotine at a dose of 0, 1, 5, 10,
15, 20, 25, or 30 lM for 1 h or continuous 24 h every day for 4
months except for the short time when the tank water and
nicotine solution were being changed (n = 7 for each group).
After nicotine treatment for 1 day, 10 days, 1 month, 2 months,
3 months, or 4 months, the surviving animals were counted at
each time point.
Breeding was conducted with one female and two drugnaive males in each breeding pair in a nicotine-free tank. The
embryos from the breeding on the last day of the 4-month
nicotine treatment at a concentration of 10 lM were continuously cultured in a nicotine-free environment. Twelve larvae
from three females in each group were collected at 4, 7, or
14 dpf for RNA expression analysis.
Quantitative RT-PCR
Total RNA was extracted from larvae using the Promega
SV total RNA isolation kit according to the manufacturer’s
instructions. Potential residual DNA in the samples was digested using Turbo DNase I at 37C for 1 h (Ambion, Austin,
TX). Total RNA concentrations were measured by a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA). First-strand cDNAs were synthesized from
1 lg of total RNA using a Reverse Transcription System Kit
(Promega, Madison, WI). Both the primers and the amplicons
were tested by PAGE, and the sequences of the primers are
given in Table 1. The 10 lL quantitative RT-PCR (qRT-PCR)
mix consisted of 5 lL of 2 · SYBR Green PCR master mix
(Applied Biosystems), 0.25 lM primers, and 0.33 lL of the
reverse transcription reaction mixture. The qRT-PCR was
performed using the Roche Lightcycler 480 Detection System.
The cycle conditions were as follows: 50C for 1 min, 95C for
10 min, 40 cycles of 95C for 15 s, and 60C for 1 min. Each
reaction was conducted in triplicate in a 384-well plate with
six biological replicates. Melting curve analysis was applied to
characterize the specificity of the amplicons.
Statistical analysis
Expression of each gene was first normalized to the expression of b-actin and then analyzed using a comparative Ct
method.38 Fold change of each gene at one of three developmental ages (i.e., 4, 7, and 14 dpf) was shown by comparing
the expression with that of the corresponding genes in the
control group, and these normalized data were then analyzed
by ANOVA followed by Tukey’s post hoc comparison across
three ages for each gene. A statistical probability of p < 0.05
was considered significant.
Results
Survival rates of nicotine-exposed female zebrafish
As shown in Figure 1, in the control group, all fish survived
for the 4 months examined in this study. For the 1-h daily
treatment groups (Fig. 1A), the survival rate was reduced
dramatically in 30 lM nicotine, and less than 30% of the animals survived after 1 day of treatment. For the 25 lM nicotine
group, the survival rate declined to 42% after 10 days and 14%
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Table 1. Primer Sequences Used for Quantitative RT-PCR
Gene symbol

Gene name

GenBank ID

Primer sequences (5¢-3¢)

Mbp

Myelin basic protein

AY860977

Mpz

Myelin protein zero

BC164044

Plp1b

Proteolipid protein 1b

NM_001005586

ZwiA

Zwilling-A

FJ221370

ZwiB

Zwilling-B

FJ221370

36k

36k

BC114254

Olig2

Oligodendrocyte transcription factor 2

NM_178100

Olig1

Oligodendrocyte transcription factor 1

NM_001020796

Sox10

BC078333

Kif1b

SRY (sex-determining region Y)-box
containing gene
Kinesin family member 1b

b-actin

b-actin

BC045879

F: CCGTCGTGGAGACGTCAA
R: CGAGGAGAGGACACAAAGCT
F: TGATCCTCGTTGTGGCAATTT
R: CTTTCTTGCCATGTTTGCTCAT
F: TGCAAAGCACCAGAGTTCCA
R: AGGGCAAGAAGGGTGATTCC
F: CTGTCTGTGGGTGGCTCTTCA
R: GTGACCCCACGGGTGATG
F: GAACCTGGGAAGCACATCGA
R: GGAGGAGCCCAGGGATGTT
F: GAGGCAGATACGACGGCACTA
R: GTGGATGCTGGGATGAGCTT
F: GCGCGCAACTACATCCTTATG
R: CTCCCTCCGCCGTAGATCTC
F: AGGAAGATCAACAGCCGTGAA
R: GGCACCATGACTTCCCGTAA
F: ATATCCGCACCTGCACAA
R: CGTTCAGCAGTCTCCACAG
F: CAGGACCCCTTCTATGATCGTT
R: TCACTACAGCGACTCGATGCA
F: CCCTGTTCCAGCCATCCTT
R: TTGAAAGTGGTCTCGTGGATACC

NM_194382

F, forward primer; R, reverse primer.

after 1 month, and no fish survived after treatment for 2 or
more months. In the 20 lM nicotine group, the survival rate
was 71% after 10 days and 57% after 2 or more months. In the
15 lM group, the survival rate was 57% after 2 and more
months of nicotine exposure. In the 5 lM group, the survival
rate started to decline after 2 months of treatment. On the
other hand, in the continuous 24 h nicotine treatment groups
(Fig. 1B), all fish survived except in the 25 and 30 lM nicotine
groups, where the survival rate dropped to 57% and 14%,
respectively, after 1 day of treatment. After 10 days of treatment, the survival rate had declined to 28% and 14% in the 25
and 30 lM groups, respectively, and no fish in either group
survived after 2 months of treatment. For the 15 and 20 lM
nicotine groups, the survival rate went down to 71% in both
groups after nicotine treatment for 2 months, and no further
change was observed after 3 and 4 months of treatment. As for
other nicotine treatment groups (i.e., 1, 5, and 10 lM), all fish
survived even after 4 months of treatment.
Maternal nicotine exposure altered myelin-related
gene expression in the offspring

FIG. 1. Survival rate (percentage surviving throughout the
whole experiment compared with the initial number) of
adult female zebrafish after 1 h (A) or continuous 24 h (B) of
daily exposure to nicotine at a concentration of 1, 5, 10, 15,
20, 25, or 30 lM. Survival was assessed at 1 day, 10 days, 1
month, 2 months, 3 months, and 4 months of treatment (n = 7
per group).

Dose effect. Considering that zebrafish appeared to be
more vulnerable to 1 h than continuous 24 h nicotine treatment and because of our interest in the chronic effect of nicotine, we chose a treatment of continuous 24 h each day to
evaluate the dose effect on myelin gene expression in the 4 dpf
larvae.
Nicotine at doses of 1, 5, and 10 lM significantly decreased
the mRNA expression from Mbp ( p < 0.05 for all doses), Mpz
( p < 0.05 for all doses), and Plp1b ( p < 0.05 for all doses) and
increased that of Sox10 ( p < 0.05 for 1 lM nicotine and p < 0.01
for 5 and 10 lM nicotine) (Table 2). None of the examined
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Table 2. Myelin Gene Expression in 4 dpf
Larvae After 4 Months of Maternal Exposure
to Different Doses of Nicotine

Nicotine
concentration
(lM)
1
5
10
15
20

Mbp

Mpz
a

0.81 – 0.18
0.81 – 0.06a
0.83 – 0.02a
0.86 – 0.06
0.94 – 0.08

Plp1b
a

0.59 – 0.23
0.45 – 0.26a
0.67 – 0.13a
0.75 – 0.15
0.64 – 0.28

Sox10
a

0.57 – 0.09
0.59 – 0.1a
0.71 – 0.07a
0.73 – 0.06
0.73 – 0.11

1.19 – 0.06a
1.27 – 0.02b
1.41 – 0.1b
1.22 – 0.07
1.09 – 0.07

b-actin was used as an internal control, and the expression of each
gene at 4 dpf in the maternal 10 lM nicotine-treated larvae was
normalized to that of 4 dpf in the control larvae. The number of
female zebrafish is 7, 7, 7, 5, and 5 in the 1–20 lM nicotine-treated
group separately and 7 in the control group. Six biological replicates
were applied in qRT-PCR experiments, and the sample of each
replicate was collected from 12 larvae.
a
p < 0.05.
b
p < 0.01.
dpf, days postfertilization; qRT-PCR, quantitative RT-PCR; Plp1,
proteolipid protein; Mbp, myelin basic protein; Mpz, myelin protein
zero.

genes achieved significance in animals treated with doses of
15 or 20 lM nicotine (Table 2).
Developmental effect. On the basis of the observed survival rates of animals exposed to different nicotine doses, we
chose 10 lM nicotine, the highest dose changing myelin gene
expression, and the continuous 24 h treatment per day paradigm for the following developmental study. The mRNA
expression of many myelin-related genes, including Mbp,
Mpz, Plp1b, ZwiA, ZwiB, 36k, Olig2, Olig1, Sox10, and Kif1b,
was examined in 4, 7, and 14 dpf larvae (Figs. 2 and 3).
For the major myelin protein genes, namely Mbp, Mpz,
Plp1b, ZwiB, and 36k, maternal nicotine treatment significantly altered larval mRNA expression (Fig. 2). Consistent
with what we found in the dose effect, 10 lM nicotine significantly decreased the mRNA expression of Mbp ( p < 0.01),
Mpz ( p < 0.01), and Plp1b ( p < 0.01) in 4 dpf larvae. Moreover,
maternal nicotine exposure significantly decreased the
mRNA expression of ZwiB ( p = 0.03) and 36k ( p = 0.001),
whereas the treatment increased that of ZwiA ( p = 0.03) in
4 dpf larvae (Fig. 2).
At 7 dpf, the expression of all genes except ZwiB and 36k
had increased. At this stage, Mbp ( p < 0.01), Mpz ( p = 0.01),
Plp1b ( p < 0.01), and ZwiA ( p = 0.04) were significantly upregulated by maternal nicotine exposure, whereas the expression of ZwiB ( p = 0.02) and 36k ( p = 0.01) was decreased.
mRNA expression of all these genes was significantly upregulated by maternal nicotine exposure at 14 dpf ( p < 0.01 for
all genes; Fig. 2).
We also compared the fold change of each gene (nicotine
vs. control) at 4, 7, and 14 dpf. The fold change at 7 dpf was
significantly higher than that at 4 dpf for Mbp ( p < 0.01), Mpz
( p < 0.01), Plp1b ( p < 0.01), and 36k ( p < 0.05). All examined
genes except ZwiA showed significantly larger fold change at
14 dpf than at 7 and 4 dpf ( p < 0.01 for all genes except ZwiA;
Fig. 2).
Next, we examined how maternal nicotine treatment affected the expression of three myelin-related transcription

FIG. 2. Changes of mRNA expression of myelin genes at
different developmental ages after female breeding zebrafish
exposed to continuous 24 h nicotine treatment each day at a
dose of 10 lM for 4 months. Changes in the expression of
each gene at 4, 7, and 14 days postfertilization (dpf) are expressed as the fold change relative to expression of the corresponding gene in the control group (*p < 0.05; **p < 0.01).
Mbp, myelin basic protein; Mpz, myelin protein zero; Plp1b,
proteolipid protein 1b; ZwiA, zwilling-A; ZwiB, zwilling-B.
Number of female breeding zebrafish is seven for both the
nicotine-treated and control groups. Six biological replicates
were applied in quantitative RT-PCR experiments, and the
sample of each replicate was collected from 12 larvae.
factors, Olig2, Olig1, and Sox10, and an mRNA transporter,
Kif1b (Fig. 3). The mRNA expression of Olig2, Olig1, and Kif1b
was significantly downregulated at 4 dpf by maternal nicotine
treatment ( p < 0.01). At 7 dpf, the mRNA expression of Olig2,
Olig1 was decreased, whereas that of Sox10 and Kif1b was

FIG. 3. Changes of mRNA expression of transcription factors Olig2, Olig1, and Sox10 and a transporter, Kif1b, at different developmental ages after breeding female zebrafish
exposed to continous 24 h nicotine treatment each day at a
dose of 10 lM for 4 months. Changes in expression at 4, 7, and
14 dpf are expressed as fold change relative to the expression
of the corresponding gene in the control group (*p < 0.05;
**p < 0.01). Olig2, oligodendrocyte transcription factor 2; Olig1,
oligodendrocyte transcription factor 1; Sox10, SRY (sexdetermining region Y)-box containing gene; Kif1b, kinesin
family member1b. Number of female breeding zebrafish is
seven for both the nicotine-treated and control groups. Six
biological replicates were applied in qPCR experiments, and
the sample of each replicate was collected from 12 larvae.
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increased by maternal nicotine treatment. At 14 dpf, mRNA
expression of all four genes was significantly upregulated by
maternal nicotine treatment ( p < 0.01 for all genes; Fig. 3).
The fold changes of these four genes in the nicotine group
versus controls were also compared across three ages. The
fold change in Kif1b expression at 7dpf was significantly
greater than that at 4dpf ( p < 0.01), whereas that of Olig1,
Olig2, Sox10, and Kif1b was significantly greater at 14 dpf than
at 4 and 7 dpf ( p < 0.01 for all genes; Fig. 3).
Discussion
Although many studies have shown that maternal smoking
during pregnancy disrupts offspring development, it is not
clear whether smoking before pregnancy has any impact on
the next generation. Using zebrafish as a model, we showed
that maternal nicotine exposure changed myelin gene expression in the offspring, even though the offspring were
never directly exposed to the drug. This suggests that maternal smoking history alone can affect myelin development
in the offspring.
The external fertilization in zebrafish allows us to separate
maternal nicotine exposure completely from fertilization and
development of embryos and larvae. We found that nicotine
in high doses is toxic to maternal zebrafish, as judged by the
survival rate, which is consistent with a previous report.39 For
the drug effect on larvae, the expression of almost all myelin
genes was significantly altered by nicotine.
The expression of all the major myelin proteins examined,
namely Mbp, Mpz, Plp, ZwiA, and ZwiB, was significantly
modulated in larvae by maternal exposure to nicotine. However, the effect of maternal nicotine exposure appeared to be
different at different developmental ages, as most of these
genes showed decreased expression at 4 dpf but increased expression at 14 dpf compared with larvae without maternal
nicotine exposure. Previous studies have reported that the
loosely wrapped myelin sheath is first apparent at around
4 dpf, and compact myelin starts showing up around 7dpf.19,32
Our data therefore suggest a delay in the initial formation of the
loose myelin sheath around axons during early development.
Alternatively, our finding may reflect a delay in axon formation. However, the effect appears to be temporary because
hyperexpression of major myelin genes was observed at later
developmental ages. Although the consequences of the upregulation of myelin gene expression are not clear, our previous
study in a rodent model has shown similar increased myelin
gene expression in the brain of male rats exposed to nicotine
prenatally.15 Together, these data suggest that smoking before
pregnancy has effects on the offspring development similar to
those of smoking during pregnancy.
In zebrafish, the expression of genes regulating myelin
thickness and myelin compaction has not been well documented in the literature, whereas in mice, myelin thickness is
determined by P0, MBP, and PMP22 in the peripheral nervous
system (PNS) and by MBP in the CNS; myelin compaction is
mediated by MBP and PLP in the CNS, but MBP and P0 in the
PNS.40 Loss of MBP can lead to deficiency in myelin compaction and thickness.41 On the basis of the findings from this
study, we assume that the expression change of mbp, plp, and
mpz (othologue of P0) may lead to changes in myelin thickness
and compaction, an idea that remains to be investigated in a
future study.

FIG. 4. Transcriptional regulation of myelin gene expression.

Moreover, we found that the expression of a few transcription factors, including Sox10, Olig1, and Olig2, and the
mRNA transporter Kif1b were significantly modulated by
maternal nicotine treatment. As shown in Figure 4, these
transcription factors and Kif1b are involved in regulating
myelin gene expression at the mRNA level. Our data thus
suggest that abnormal transcriptional regulation contributes
to alterations in myelin gene expression in larvae after maternal nicotine exposure. Given the changes detected in
mRNA expression of these genes, it would be interesting to
know whether these changes could be detected at the protein
level as well. Unfortunately, we could not perform this experiment because of the lack of appropriate antibodies for the
products of these genes.
Proper myelination during development is important, and
the timing of axonal myelination is critical for the normal
development of neurons.42 Delayed myelination was observed in the offspring of female mice challenged with lipopolysaccharide during pregnancy; it recovered several weeks
later.43 Meanwhile, in Fmr1-knockout mice, reduction in the
expression of mbp was detected at postnatal day 7, concomitant with thinner myelin than in control animals. Expression
of mbp then recovered at postnatal day 14 and was upregulated at 2–4 months.44 These findings are consistent with what
we report in this study. The study on Frm1-knockout mice
even implied that the reduction of myelin deposition during a
critical early postnatal period may cause lasting structural and
behavioral deficits even when myelin levels return to normal.44 The findings from this and other studies suggest that
maternal nicotine treatment affects early myelin deposition,
which then disrupts proper myelin formation in a later stage.
Because the breeding was conducted in a nicotine-free environment and the embryos and larvae were never directly
exposed to nicotine, the effect of maternal nicotine exposure
appears to be passed to the next generation through gametes.
Nicotine has been reported to change the morphology and
maturation of oocytes and maternal gametes.45–47 Although it
is not clear how the effect of nicotine on gametes could be
passed to the next generation, epigenetic modification of
gametes has been implicated as a major mechanism underlying transgenerational effects.48 Epigenetic effects of nicotine,
such as DNA methylation, histone modification, and chromatin restructuring, have been reported.49–53 An effect of
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nicotine on endocrine and metabolic systems has been observed in several generations,54 which again suggests that
nicotine has transgenerational effects through gametes.
Of note, our results indicate that zebrafish appear to be
more sensitive to nicotine for 1 h of exposure per day than that
for continuous 24 h of exposure every day. Although the exact
reasons remain to be studied, we speculate that continuous
24 h of exposure provides sufficient time for fish to adapt to
the nicotine effect, whereas 1 h of treatment per day could not,
although nicotine exerts the same pharmacological effect on
fish in the two treatment paradigms. We have observed this
phenomenon in multiple experiments. However, this interesting observation needs to be replicated in other laboratories.
In conclusion, we observed an effect of prefertilization
maternal nicotine exposure on myelin gene expression in the
offspring using a zebrafish model. These findings suggest that
smoking before pregnancy can alter the development of the
nervous system of offspring even if nicotine expression ceases.
Disclosure Statement
No competing financial interests exist.
References
1. USDHHS. How Tobacco Smoke Causes Disease: The Biology and Behavioral Basis for Smoking-Attributable Disease:
A Report of the Surgeon General. Atlanta, GA: U.S. Department of Health and Human Services, Centers for Disease
Control and Prevention, National Center for Chronic Disease
Prevention and Health Promotion, Office on Smoking and
Health; 2010.
2. Knopik VS. Maternal smoking during pregnancy and child
outcomes: real or spurious effect? Dev Neuropsychol
2009;34:1–36.
3. Weissman MM, Warner V, Wickramaratne PJ, Kandel DB.
Maternal smoking during pregnancy and psychopathology
in offspring followed to adulthood. J Am Acad Child Adolesc Psychiatry 1999;38:892–899.
4. Ma L, Wu YM, Guo YY, Yang Q, Feng B, Song Q, et al.
Nicotine addiction reduces the large-conductance Ca(2 + )activated potassium channels expression in the nucleus accumbens. Neuromolecular Med 2013;15:227–237.
5. Levin ED, Bencan Z, Cerutti DT. Anxiolytic effects of nicotine in zebrafish. Physiol Behav 2007;90:54–58.
6. McGranahan TM, Patzlaff NE, Grady SR, Heinemann SF,
Booker TK. alpha4beta2 nicotinic acetylcholine receptors on
dopaminergic neurons mediate nicotine reward and anxiety
relief. J Neurosci 2011;31:10891–10902.
7. Levin ED, Chen E. Nicotinic involvement in memory function in zebrafish. Neurotoxicol Teratol 2004;26:731–735.
8. Ortega LA, Tracy BA, Gould TJ, Parikh V. Effects of chronic
low- and high-dose nicotine on cognitive flexibility in
C57BL/6J mice. Behav Brain Res 2013;238:134–145.
9. Zhu J, Bardo MT, Dwoskin LP. Distinct effects of enriched
environment on dopamine clearance in nucleus accumbens
shell and core following systemic nicotine administration.
Synapse 2013;67:57–67.
10. Mansvelder HD, McGehee DS. Cellular and synaptic mechanisms of nicotine addiction. J Neurobiol 2002;53:606–617.
11. Toledano A, Alvarez MI, Toledano-Diaz A. Diversity and
variability of the effects of nicotine on different cortical regions of the brain—therapeutic and toxicological implications. Cent Nerv Syst Agents Med Chem 2010;10:180–206.

12. Svoboda KR, Vijayaraghavan S, Tanguay RL. Nicotinic receptors mediate changes in spinal motoneuron development
and axonal pathfinding in embryonic zebrafish exposed to
nicotine. J Neurosci 2002;22:10731–10741.
13. Rogers SW, Gregori NZ, Carlson N, Gahring LC, Noble M.
Neuronal nicotinic acetylcholine receptor expression by
O2A/oligodendrocyte progenitor cells. Glia 2001;33:306–
313.
14. Roy TS, Seidler FJ, Slotkin TA. Prenatal nicotine exposure
evokes alterations of cell structure in hippocampus and somatosensory cortex. J Pharmacol Exp Ther 2002;300:124–133.
15. Cao J, Wang J, Dwyer JB, Gautier NM, Wang S, Leslie FM,
et al. Gestational nicotine exposure modifies myelin gene
expression in the brains of adolescent rats with sex differences. Transl Psychiatry 2013;3:e247.
16. Du Y, Dreyfus CF. Oligodendrocytes as providers of growth
factors. J Neurosci Res 2002;68:647–654.
17. Nave KA, Trapp BD. Axon-glial signaling and the glial
support of axon function. Annu Rev Neurosci 2008;31:535–
561.
18. Roy K, Murtie JC, El-Khodor BF, Edgar N, Sardi SP, Hooks
BM, et al. Loss of erbB signaling in oligodendrocytes alters
myelin and dopaminergic function, a potential mechanism
for neuropsychiatric disorders. Proc Natl Acad Sci U S A
2007;104:8131–8136.
19. Brosamle C, Halpern ME. Characterization of myelination in
the developing zebrafish. Glia 2002;39:47–57.
20. Monk KR, Talbot WS. Genetic dissection of myelinated axons in zebrafish. Curr Opin Neurobiol 2009;19:486–490.
21. Sokolov BP. Oligodendroglial abnormalities in schizophrenia, mood disorders and substance abuse. Comorbidity,
shared traits, or molecular phenocopies? Int J Neuropsychopharmacol 2007;10:547–555.
22. Yamazaki Y, Hozumi Y, Kaneko K, Fujii S, Goto K, Kato H.
Oligodendrocytes: facilitating axonal conduction by more
than myelination. Neuroscientist 2010;16:11–18.
23. Fields RD. White matter in learning, cognition and psychiatric disorders. Trends Neurosci 2008;31:361–370.
24. Klee EW, Ebbert JO, Schneider H, Hurt RD, Ekker SC.
Zebrafish for the study of the biological effects of nicotine.
Nicotine Tob Res 2011;13:301–312.
25. Matta SG, Balfour DJ, Benowitz NL, Boyd RT, Buccafusco JJ,
Caggiula AR, et al. Guidelines on nicotine dose selection for
in vivo research. Psychopharmacology 2007;190:269–319.
26. Parker B, Connaughton VP. Effects of nicotine on growth
and development in larval zebrafish. Zebrafish 2007;4:59–68.
27. Welsh L, Tanguay RL, Svoboda KR. Uncoupling nicotine
mediated motoneuron axonal pathfinding errors and muscle
degeneration in zebrafish. Toxicol Appl Pharmacol 2009;
237:29–40.
28. Thomas LT, Welsh L, Galvez F, Svoboda KR. Acute nicotine
exposure and modulation of a spinal motor circuit in embryonic zebrafish. Toxicol Appl Pharmacol 2009;239:1–12.
29. Kily LJ, Cowe YC, Hussain O, Patel S, McElwaine S, Cotter
FE, et al. Gene expression changes in a zebrafish model of
drug dependency suggest conservation of neuro-adaptation
pathways. J Exp Biol 2008;211:1623–1634.
30. Czopka T, Lyons DA. Dissecting mechanisms of myelinated
axon formation using zebrafish. Methods Cell Biol 2011;
105:25–62.
31. Schweitzer J, Becker T, Schachner M, Nave KA, Werner H.
Evolution of myelin proteolipid proteins: gene duplication
in teleosts and expression pattern divergence. Mol Cell
Neurosci 2006;31:161–177.

REGULATION OF MYELIN BY NICOTINE
32. Schweitzer J, Becker T, Becker CG, Schachner M. Expression
of protein zero is increased in lesioned axon pathways in the
central nervous system of adult zebrafish. Glia 2003;41:301–
317.
33. Morris JK, Willard BB, Yin X, Jeserich G, Kinter M, Trapp
BD. The 36K protein of zebrafish CNS myelin is a shortchain dehydrogenase. Glia 2004;45:378–391.
34. Schaefer K, Brosamle C. Zwilling-A and -B, two related
myelin proteins of teleosts, which originate from a single
bicistronic transcript. Mol Biol Evol 2009;26:495–499.
35. Stolt CC, Rehberg S, Ader M, Lommes P, Riethmacher D,
Schachner M, et al. Terminal differentiation of myelinforming oligodendrocytes depends on the transcription
factor Sox10. Genes Dev 2002;16:165–170.
36. Li H, Lu Y, Smith HK, Richardson WD. Olig1 and Sox10
interact synergistically to drive myelin basic protein transcription in oligodendrocytes. J Neurosci 2007;27:14375–
14382.
37. Lyons DA, Naylor SG, Scholze A, Talbot WS. Kif1b is essential for mRNA localization in oligodendrocytes and development of myelinated axons. Nat Genet 2009;41:854–858.
38. Winer J, Jung CK, Shackel I, Williams PM. Development and
validation of real-time quantitative reverse transcriptasepolymerase chain reaction for monitoring gene expression in
cardiac myocytes in vitro. Anal Biochem 1999;270:41–49.
39. Petzold AM, Balciunas D, Sivasubbu S, Clark KJ, Bedell VM,
Westcot SE, et al. Nicotine response genetics in the zebrafish.
Proc Natl Acad Sci U S A 2009;106:18662–18667.
40. Martini R, Schachner M. Molecular bases of myelin formation as revealed by investigations on mice deficient in glial
cell surface molecules. Glia 1997;19:298–310.
41. Brady ST, Witt AS, Kirkpatrick LL, de Waegh SM, Readhead
C, Tu PH, et al. Formation of compact myelin is required for
maturation of the axonal cytoskeleton. J Neurosci 1999;19:
7278–7288.
42. Fields RD. White matter matters. Sci Am 2008;298:42–49.
43. Makinodan M, Tatsumi K, Manabe T, Yamauchi T, Makinodan E, Matsuyoshi H, et al. Maternal immune activation in
mice delays myelination and axonal development in the
hippocampus of the offspring. J Neurosci Res 2008;86:2190–
2200.
44. Pacey LK, Xuan IC, Guan S, Sussman D, Henkelman RM,
Chen Y, et al. Delayed myelination in a mouse model of
fragile X syndrome. Hum Mol Genet 2013;22:3920–3930.
45. Rajikin MH, Latif ES, Mar MR, Mat Top AG, Mokhtar NM.
Deleterious effects of nicotine on the ultrastructure of oocytes: role of gamma-tocotrienol. Med Sci Monit 2009;15:
BR378–BR383.
46. Racowsky C, Hendricks RC, Baldwin KV. Direct effects of
nicotine on the meiotic maturation of hamster oocytes. Reprod Toxicol 1989;3:13–21.

7
47. Mailhes JB, Young D, Caldito G, London SN. Sensitivity of
mouse oocytes to nicotine-induced perturbations during
oocyte meiotic maturation and aneuploidy in vivo and
in vitro. Mol Hum Reprod 2000;6:232–237.
48. Youngson NA, Whitelaw E. Transgenerational epigenetic
effects. Annu Rev Genomics Hum Genet 2008;9:233–257.
49. Chase KA, Sharma RP. Nicotine induces chromatin remodelling through decreases in the methyltransferases GLP,
G9a, Setdb1 and levels of H3K9me2. Int J Neuropsychopharmacol 2013;16:1129–1138.
50. Wang T, Chen M, Liu L, Cheng H, Yan YE, Feng YH, et al.
Nicotine induced CpG methylation of Pax6 binding motif in
StAR promoter reduces the gene expression and cortisol
production. Toxicol Appl Pharmacol 2011;257:328–337.
51. Xu Q, Ma JZ, Payne TJ, Li MD. Determination of methylated
CpG sites in the promoter region of catechol-O-methyltransferase (COMT) and their involvement in the etiology of
tobacco smoking. Front Psychiatry 2010;1:16.
52. Satta R, Maloku E, Zhubi A, Pibiri F, Hajos M, Costa E, et al.
Nicotine decreases DNA methyltransferase 1 expression and
glutamic acid decarboxylase 67 promoter methylation in
GABAergic interneurons. Proc Natl Acad Sci U S A
2008;105:16356–16361.
53. Philibert RA, Gunter TD, Beach SR, Brody GH, Madan A.
MAOA methylation is associated with nicotine and alcohol
dependence in women. Am J Med Genet B Neuropsychiatr
Genet 2008;147B:565–570.
54. Holloway AC, Cuu DQ, Morrison KM, Gerstein HC, Tarnopolsky MA. Transgenerational effects of fetal and neonatal exposure to nicotine. Endocrine 2007;31:254–259.

Address correspondence to:
Wen-Yan Cui, PhD
State Key Laboratory for Diagnosis
and Treatment of Infectious Diseases
The First Affiliated Hospital
Collaborative Innovation Center for Diagnosis
and Treatment of Infectious Diseases
Zhejiang University School of Medicine
Hangzhou 310003
China
E-mail: cuiwy@zju.edu.cn
Ming D. Li, PhD
Department of Psychiatry and Neurobehavioral Sciences
University of Virginia
Charlottesville, VA 22911
E-mail: ml2km@virginia.edu

