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Introduction

Approximately 10-15% of mothers smoke during pregnancy in Canada and the United States.
1,2

 Given the high 

prevalence of maternal cigarette smoking, our group has initiated one of the largest studies to date evaluating 

the effects of developmental exposure to cigarettes on adolescent offspring brain and behaviour.
3
 This review 

discusses a subset of the findings of our study and provides preclinical evidence for the hypothesized cause-

and-effect relationships reported.

Subject 

Maternal cigarette smoking can have significant impacts on the offspring. During the period of pregnancy or 

shortly after birth, reported consequences include smaller birth weight, sudden infant death syndrome and 

placenta previa.
4-6

 In late childhood and early adolescence, subjects exposed to maternal cigarette smoking 

have higher incidents of attention deficit hyperactivity disorder,
7
 substance use,

8
 and intra-abdominal

9
 and 

overall obesity.
4,10

 In the current review, we focus on whether in utero exposure to cigarettes increases 

substance use behaviour in an adolescent population (12-18 years of age), and describe whether selective 

brain regions and/or genetic underpinnings could act as mediating factors influencing these associations. 

Problems

In human studies, the causal relationship between maternal cigarette smoking and brain and behaviour is 

difficult to determine. Confounding factors include parental education, family income, stressful life events, peer 

influence and genetic predispositions, to name a few. Research using animal models, which does not have the 
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same limitations, has assisted in elucidating the causality vis-à-vis these relationships as well as the 

mechanisms underlying the early and late-onset deficits seen in the human population.
11-13

 In particular, animal 

models have demonstrated that developmental exposure to nicotine, believed to be the major psychoactive 

constituent in tobacco smoke, mediates many of the same associations seen in humans, including 

modifications in the reinforcing properties of nicotine
14

 and cocaine,
15

 as well as increased locomotor 

hyperactivity and changes in cholinergic and catecholaminergic neurotransmitter systems.
11,12,16

 These results 

have provided supportive evidence that gestational nicotine exposure can be harmful to the developing fetus.
11,12

Research Context 

Based on clinical and preclinical evidence, we have set out to evaluate the consequences of maternal cigarette 

smoking in the adolescent brain and behaviour. The study encapsulates a population of nearly 800 adolescents 

(12-18 years of age), with a projected total population of 1,000 participants, half of whom have been exposed to 

maternal cigarette smoking; exposed adolescents were matched to the non-exposed by maternal education and 

the school attended.
3

Key Research Question

Does prenatal exposure to maternal cigarette smoking influence adolescent brain and behaviour associations 

through underlying genetic factors, particularly associated with cognition and substance use?

Recent Research Results

Our study on the effects of maternal cigarette smoking on the brain and behaviour of adolescent offspring was 

first published in 2007.
3
 We demonstrated that in utero cigarette exposure influenced the cortical thickness of 

adolescent offspring,
17

 a finding also observed in animal models evaluating the consequences of gestational 

nicotine exposure.
18

 In our human adolescent population, the region of the brain most influenced was the 

orbitofrontal cortex (OFC), a structure that regulates emotion and reward processing.
8
 Given the importance of 

emotional regulation and reward processing in the adolescent brain, our subsequent studies tested whether 

modifications in this region of the brain could influence substance-use behaviour.
8
 Our results illustrated that the 

thinning of the OFC significantly correlated with lifetime history of experimenting (at least once) with cigarettes, 

alcohol and other illicit substances in exposed adolescents, while a thicker OFC is associated with greater 

lifetime history of such experimentation in non-exposed adolescents, suggesting an experience-induced 

plasticity. For exposed adolescents, we hypothesized that prenatal cigarette smoking induced an insult in the 

OFC, thus leading to thinning in the structure and thereby predisposing adolescents to substance-use 

behaviour. These findings are in line with preclinical studies that demonstrate gestational nicotine influences 

substance use behaviour
14,15

 and cortical thinning.
18

 For non-exposed adolescents, we hypothesized that 

experience-induced plasticity may influence the structure of the OFC through drug-taking behaviour. We 

provided evidence for this hypothesis by demonstrating that a single nucleotide polymorphism in the brain-

derived neurotrophic factor (BDNF) gene, an important regulator of brain plasticity, could modify the OFC 

thickness based on lifetime history of drug experimentation in the non-exposed population.
8
 In the exposed 

adolescents, BDNF polymorphisms had no effect on brain structure, which suggested that the BDNF gene has 

an absent function in this population. In support of this speculation, we demonstrated that maternal cigarette 

smoking increased epigenetic modifications of the BDNF gene, namely enhanced methylation of cytosine-

guanosine
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repeats found in the DNA of the blood of the exposed adolescents.
19

 These findings are consistent with data 

from an earlier study demonstrating that maternal cigarette smoking is associated with global increases in DNA 

methylation in exposed subjects.
20

 Such mechanisms have been shown to influence BDNF expression,
21

thereby having potentially critical consequences on the structure of the brain.
22,23

 Taken together, the results 

suggest that the OFC is susceptible to modifications by maternal cigarette smoking and is associated with 

changes in substance use behaviour; significant effects which are modified by the BDNF genotype. 

Our most recent studies have started to evaluate sub-cortical effects induced by maternal cigarette smoking. 

We have been particularly interested in striatal regions of the brain, which receive rich dopamine projections 

that are quite likely important for mediating reward and addiction.
24

 It is well known that nicotine, binding to 

nicotinic receptors, can induce dopamine release in striatal regions, a hallmark of drug reward.
25

 Prenatal 

exposure to nicotine can reduce dopamine levels in striatal regions
16

 and nicotine-induced dopamine release.
26

In humans, reductions in dopamine levels in striatal regions have been proposed to result in a larger striatal 

size.
27

 In animal models, an attenuated dopaminergic system could influence reward-related behaviour, 

including increased cocaine self-administration observed at higher doses
15

 and nicotine self-administration after 

withdrawal.
14

  Such effects may be due to an overcompensation
26

 and mediated through a nicotinic-receptor 

system.
11,12,24

 We tested this hypothesis using a polymorphism in the alpha6 nicotinic receptor subunit, recently 

shown to be critical in the modulation of (i) nicotine-induced dopamine release in the striatum
28,29

 and (ii) quit 

attempts in smokers.
30

 Our results demonstrated that increased substance-use behaviour and larger striatal 

size was only present in a subset of adolescents who were exposed to maternal cigarette smoking and had a 

particular version of the alpha6 gene.
24

 Overall, the findings demonstrate long-term consequences of maternal 

cigarette smoking on a reward-related brain region and substance-use behaviour, with the variant of a nicotinic-

receptor gene playing a significant role. 

The above effects are present despite the fact that maternal cigarette smoking does not influence how our 

adolescent population performs on cognitive tasks.
31

 Accessing 33 different measures of cognitive function, 

related to verbal, visual-spatial memory, processing speed, resistance to interference and motor dexterity, no 

differences were observed between adolescence that were exposed versus those non-exposed to maternal 

cigarette smoking. These findings suggest that maternal cigarette smoking is associated with selective brain-

behaviour modifications in adolescent populations, particularly related to reward-seeking behaviour, but not with 

global cognitive modifications. It is also possible that subtle cognitive “deficits” are present at an early stage
32

but may diminish through subsequent (beneficial) effects of education.

Research Gaps

1. Which nicotinic receptor subunits are critical for mediating the consequences of prenatal cigarette 

exposure?

2. Which stages during pregnancy (or post pregnancy) are most critical for the consequences of maternal 

cigarette smoking?

3. Do similar effects occur through second hand-smoke exposure or through nicotine replacement 

therapies?

4. What strategies can be used to prevent emergence of delayed consequences of maternal smoking 
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Conclusions

Our findings demonstrate that prenatal exposure to maternal cigarette smoking can have long-lasting 

consequences on the brain and behaviour of adolescent offspring. While our results do not suggest cognitive 

differences between the exposed and non-exposed offspring, significant associations are observed for reward 

related behaviour. Genetic factors appear to be critical players in mediating this behavioural phenotype and its 

underlying neural mechanisms. In particular, striatal and frontal cortical regions are sensitive to the influences of 

maternal cigarette smoking. Furthermore, maternal cigarette smoking has significant associations with 

modifications in the methylation of genes important for brain development, such as BDNF. These findings need 

to be taken in parallel with animal models that demonstrates prenatal nicotine exposure can have 

developmental consequences on the brain and behaviour of offspring, also with important changes on BDNF 

expression in the brain.
33

Implications for Parents, Services and Policy

The implications of our findings are important to pregnant mothers who smoke or live in an environment where 

they are continuously exposed to cigarette smoke. On the positive side, not all children of women who smoked 

during pregnancy differ from those who were not exposed; thus, robust mechanisms must exist that protect the 

fetus from this adverse intra-uterine environment. On the other hand, data from both clinical and preclinical 

studies suggest that maternal cigarette smoking could have long-lasting consequences on the brain and 

behaviour of offspring. Impacts that may influence critical genes involved in brain development and brain 

structures related to reward related behaviour. Renewed services need to be provided for women who smoke 

and are planning on becoming pregnant.  Further research is needed in order to determine the best smoking 

cessation therapies for pregnant mothers who are smoking. Given the preclinical evidence, further 

consideration is needed as to whether nicotine replacement therapies are the best smoking cessation 

medication available. Policies need to be developed to promote smoke-free mothers and further assist in 

reducing second hand cigarette smoke exposure in work and home environments.

References

during pregnancy on the offspring behaviour?

1. Substance Abuse and Mental Health Services Administration. 
. Rockville, MD: Substance Abuse and Mental Health Services Administration; 2010. NSDUH Series H-38A, 

HHS Publication No. SMA 10-4856 Findings.

Results from the 2009 national survey on drug use and health: Volume I. 
Summary of national findings

2. Public Health Agency of Canada. . Ottawa, ON: Public Health Agency of 
Canada; 2009.

What mothers say: The Canadian Maternity Experiences Survey

3. Pausova Z, Paus T, Abrahamowicz M, Almerigi J, Arbour N, Bernard M, Gaudet D, Hanzalek P, Hamet P, Evans AC, Kramer M, Laberge L, 
Leal SM, Leonard G, Lerner J, Lerner RM, Mathieu J, Perron M, Pike B, Pitiot A, Richer L, Séguin JR, Syme C, Toro R, Tremblay RE, 
Veillette S, Watkins K. Genes, maternal smoking, and the offspring brain and body during adolescence: design of the Saguenay Youth 
Study.  2007;28(6):502-518.Hum Brain Mapp

4. Power C, Jefferis BJ. Fetal environment and subsequent obesity: a study of maternal smoking.  2002;31(2):413-419.Int J Epidemiol

5. Salihu HM, Wilson RE. Epidemiology of prenatal smoking and perinatal outcomes.  2007;83(11):713-720.Early Hum Dev

6. Ananth CV, Savitz DA, Luther ER. Maternal cigarette smoking as a risk factor for placental abruption, placenta previa, and uterine bleeding 
in pregnancy.  1996;144(9):881-889.Am J Epidemiol

7. Nomura Y, Marks DJ, Halperin JM. Prenatal exposure to maternal and paternal smoking on attention deficit hyperactivity disorders 
symptoms and diagnosis in offspring.  2010;198(9):672-678.J Nerv Ment Dis

©2011-2017 CEECD / SKC-ECD | TOBACCO AND PREGNANCY 444444



8. Lotfipour S, Ferguson E, Leonard G, Perron M, Pike B, Richer L, Séguin JR, Toro R, Veillette S, Pausova Z, Paus T. Orbitofrontal cortex and 
drug use during adolescence: role of prenatal exposure to maternal smoking and BDNF genotype.  2009;66(11):1244-
1252.

Arch Gen Psychiatry

9. Syme C, Abrahamowicz M, Mahboubi A, Leonard GT, Perron M, Richer L, Veillette S, Gaudet D, Paus T, Pausova Z. Prenatal exposure to 
maternal cigarette smoking and accumulation of intra-abdominal fat during adolescence.  2009;18(5):1021-1025.Obesity

10. Oken E, Levitan EB, Gillman MW. Maternal smoking during pregnancy and child overweight: systematic review and meta-analysis. 
 2008;32(2):201-210.

Int J 
Obes

11. Dwyer JB, Broide RS, Leslie FM. Nicotine and brain development.  2008;84(1):30-44.Birth Defects Res C Embryo Today

12. Dwyer JB, McQuown SC, Leslie FM. The dynamic effects of nicotine on the developing brain.  2009;122(2):125-139.Pharmacol Ther

13. Slotkin TA. Fetal nicotine or cocaine exposure: which one is worse?  1998;285(3):931-945.J Pharmacol Exp Ther

14. Levin ED, Lawrence S, Petro A, Horton K, Seidler FJ, Slotkin TA. Increased nicotine self-administration following prenatal exposure in 
female rats.  2006;85(3):669-674.Pharmacol Biochem Behav

15. Franke RM, Park M, Belluzzi JD, Leslie FM. Prenatal nicotine exposure changes natural and drug-induced reinforcement in adolescent male 
rats.  2008;27(11):2952-2961.Eur J Neurosci

16. Richardson SA, Tizabi Y. Hyperactivity in the offspring of nicotine-treated rats: role of the mesolimbic and nigrostriatal dopaminergic 
pathways.  1994;47(2):331-337.Pharmacol Biochem Behav

17. Toro R, Leonard G, Lerner JV, Lerner RM, Perron M, Pike GB, Richer L, Veillette S, Pausova Z, Paus T. Prenatal exposure to maternal 
cigarette smoking and the adolescent cerebral cortex. 2008;33(5):1019-1027.Neuropsychopharmacology 

18. Roy TS, Sabherwal U. Effects of prenatal nicotine exposure on the morphogenesis of somatosensory cortex. 
1994;16(4):411-421.

Neurotoxicol Teratol

19. Toledo-Rodriguez M, Lotfipour S, Leonard G, Perron M, Richer L, Veillette S, Pausova Z, Paus T. Maternal smoking during pregnancy is 
associated with epigenetic modifications of the brain-derived neurotrophic factor-6 exon in adolescent offspring. 

 2010;153B(7):1350-1354.
Am J Med Genet B 

Neuropsychiatr Genet

20. Terry MB, Ferris JS, Pilsner R, Flom JD, Tehranifar P, Santella RM, Gamble MV, Susser E. Genomic DNA methylation among women in a 
multiethnic New York City birth cohort.  2008;17(9):2306-2310.Cancer Epidemiol Biomarkers Prev

21. Martinowich K, Hattori D, Wu H, Fouse S, He F, Hu Y, Fan G, Sun YE. DNA methylation-related chromatin remodeling in activity-dependent 
BDNF gene regulation.  2003;302(5646):890-893.Science

22. Russo SJ, Mazei-Robison MS, Ables JL, Nestler EJ. Neurotrophic factors and structural plasticity in addiction. 
2009;56(Suppl 1):73-82.

Neuropharmacology 

23. Gorski JA, Balogh SA, Wehner JM, Jones KR. Learning deficits in forebrain-restricted brain-derived neurotrophic factor mutant mice. 
 2003;121(2):341-354.Neuroscience

24. Lotfipour S, Leonard G, Perron M, Pike B, Richer L, Séguin JR, Toro R, Veillette S, Pausova Z, Paus T. Prenatal exposure to maternal 
cigarette smoking interacts with a polymorphism in the alpha6 nicotinic acetylcholine receptor gene to influence drug use and striatum 
volume in adolescence.  2010;15(1):6-8.Mol Psychiatry

25. Pontieri FE, Tanda G, Orzi F, Di Chiara G. Effects of nicotine on the nucleus accumbens and similarity to those of addictive drugs. 
1996;382(6588):255-257.

Nature

26. Kane VB, Fu Y, Matta SG, Sharp BM. Gestational nicotine exposure attenuates nicotine-stimulated dopamine release in the nucleus 
accumbens shell of adolescent Lewis rats.  2004;308(2):521-528.J Pharmacol Exp Ther

27. Jacobsen LK, Giedd JN, Gottschalk C, Kosten TR, Krystal JH. Quantitative morphology of the caudate and putamen in patients with cocaine 
dependence. 2001;158(3):486-489.Am J Psychiatry 

28. Azam L, McIntosh JM. Effect of novel alpha-conotoxins on nicotine-stimulated [3H] dopamine release from rat striatal synaptosomes. 
 2005;312(1):231-237.J Pharmacol Exp Ther

29. Exley R, Clements MA, Hartung H, McIntosh JM, Cragg SJ. Alpha6-containing nicotinic acetylcholine receptors dominate the nicotine control 
of dopamine neurotransmission in nucleus accumbens.  2008;33(9):2158-2166.Neuropsychopharmacology

30. Hoft NR, Corley RP, McQueen MB, Schlaepfer IR, Huizinga D, Ehringer MA. Genetic association of the CHRNA6 and CHRNB3 genes with 
tobacco dependence in a nationally representative sample.  2009;34(3):698-706.Neuropsychopharmacology

31. Kafouri S, Leonard G, Perron M, Richer L, Séguin JR, Veillette S, Pausova Z, Paus T. Maternal cigarette smoking during pregnancy and 
cognitive performance in adolescence.  2009;38(1):158-172.Int J Epidemiol

32. Sexton M, Fox NL, Hebel JR. Prenatal exposure to tobacco: II. Effects on cognitive functioning at age three.  1990;19(1):72-Int J Epidemiol

©2011-2017 CEECD / SKC-ECD | TOBACCO AND PREGNANCY 555555



77.

33. Wei J, Wang J, Dwyer JB, Mangold J, Cao J, Leslie FM, Li MD. Gestational nicotine treatment modulates cell death/survival-related 
pathways in the brains of adolescent female rats.  2011;14(1):91-106.Int J Neuropsychopharmacol

©2011-2017 CEECD / SKC-ECD | TOBACCO AND PREGNANCY 666666


