Nicotine and the Developing Human
A Neglected Element in the Electronic Cigarette Debate
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The elimination of cigarettes and other combusted tobacco products in the U.S. would prevent tens of
millions of tobacco-related deaths. It has been suggested that the introduction of less harmful nicotine
delivery devices, such as electronic cigarettes or other electronic nicotine delivery systems, will accelerate
progress toward ending combustible cigarette use. However, careful consideration of the potential
adverse health effects from nicotine itself is often absent from public health debates. Human and animal
data support that nicotine exposure during periods of developmental vulnerability (fetal through
adolescent stages) has multiple adverse health consequences, including impaired fetal brain and lung
development, and altered development of cerebral cortex and hippocampus in adolescents. Measures to
protect the health of pregnant women and children are needed and could include (1) strong
prohibitions on marketing that increase youth uptake; (2) youth access laws similar to those in effect for
other tobacco products; (3) appropriate health warnings for vulnerable populations; (4) packaging to
prevent accidental poisonings; (5) protection of non-users from exposure to secondhand electronic
cigarette aerosol; (6) pricing that helps minimize youth initiation and use; (7) regulations to reduce
product addiction potential and appeal for youth; and (8) the age of legal sale.
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Introduction

T

he rapid elimination of cigarettes and other
combusted tobacco products in the U.S. would
prevent tens of millions of tobacco-related deaths
in the coming decades.1 Strategies proposed to reduce the
size of the tobacco epidemic include aggressively
strengthening established comprehensive tobacco control programs, including advertising restrictions, mass
media campaigns, health warnings, smoke-free policies,
restricting youth access, and price increases.1,2 Ending
death and disease caused by smoking would require
implementing additional approaches.1 The Surgeon
General outlined in the 50th Anniversary Report the
most plausible strategies for the U.S. in the coming
decade, which included reducing the nicotine content of
cigarettes to non-addictive levels, restricting sales at the
state or municipal level of some or all combusted
products, and reducing product toxicity and appeal
through regulatory standards.1 Some tobacco control
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advocates, stakeholders, and tobacco companies argue
that the introduction of less harmful nicotine delivery
devices, such as electronic cigarettes and other electronic
nicotine delivery systems (ENDS), will greatly accelerate
progress toward ending combustible cigarette use,1 and
that the public health community should enable and
encourage substitution of the these products through low
or no taxes to widen the price differential in favor of less
harmful products,3 tolerating public use,4 and health
authority endorsement.4
Electronic cigarettes and other ENDS are batteryoperated devices that heat a liquid (usually glycerin or
propylene glycol) to create an aerosol. The liquid usually
contains nicotine, as well as ﬂavors, additives, and varying
amounts of contaminants.5 In the U.S., the Food and
Drug Administration (FDA) regulates cigarettes, cigarette
tobacco, roll-your-own tobacco, and smokeless tobacco.6
Electronic cigarettes are currently unregulated. Although
the FDA issued a proposed deeming rule to regulate
electronic cigarettes in April 2014, developing and
implementing ﬁnal federal regulations can take years.7
Electronic cigarettes are currently widely available,
often less expensive than combusted cigarettes, sold
legally to minors in many states,8 and often contain fruit
and candy ﬂavorings such as “Snappin’ Apple,” “Cherry
Crush,” and “Chocolate Treat.”9,10 Nicotine concentrations typically range from 6 to 24 mg/mL, but products
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purporting to contain up to 100 mg/mL can be purchased
wholesale on the Internet.11,12 Warning labels and childproof packaging are often absent, even in products
intended for consumer use. Six companies invested $60
million in electronic cigarette marketing in 2013 (twice
that invested in 2012),10 using many approaches formerly employed to market cigarettes but now banned,
including TV advertisements, celebrity endorsement,
sponsorship of sports events and music festivals, and
cartoon advertisements.9,10,13,14 These marketing strategies are known to result in youth smoking initiation,
and some, such as TV advertisements, have been banned
for cigarettes for decades.15 Also concerning are claims
that electronic cigarettes and nicotine are safe and even
beneﬁcial, which now appear frequently in the media and
on company websites.16–21 Not surprisingly, youth
experimentation and recent use has increased dramatically in recent years.22,23 Wells Fargo analysts recently
predicted that, based on past sales, the consumption of
electronic cigarettes “could surpass consumption of
conventional cigarettes within the next decade.”24 Other
marketing strategies that could appeal to youth are
placement of products in easily accessible locations in
stores,10 and social networking and other technical
capabilities not related to use of the product.25–27
Numerous issues related to the public health consequences of widespread availability and unrestricted
marketing of electronic cigarettes have been debated,
including effects on youth smoking initiation, quitting,
dual use among established smokers, and relapse among
former smokers.28,29 However, careful consideration of
the potential adverse health effects from nicotine itself is
often absent from these debates. Because the health
effects of combusted products are so devastating and
medicinal nicotine products approved for smoking
cessation pose far fewer health risks than smoking, the
effects of nicotine itself are often regarded as being of
minor importance. Further exploration of the potential
unintended consequences of facilitating a transition from
combusted to non-combusted products is warranted, and
special consideration of the effects of nicotine exposure
among vulnerable populations—including pregnant
women and fetuses, children, and adolescents—is
urgently needed. This paper synthesizes relevant literature regarding biological properties of nicotine and its
effects during development, and presents potential measures for consideration to protect the health of these
vulnerable populations.

Biological Properties of Nicotine
Nicotine is readily absorbed through the skin and lungs
and is metabolized by the lungs, liver, and kidneys.30

Nicotine exerts its physiologic effects by binding nicotinic acetyl choline receptors (nAChRs), which are
expressed by both neuronal and non-neuronal cells
throughout the body.31 The cholinergic system in the
central nervous system is associated with cognitive
function, including memory, selective attention, and
emotional processing.31 Non-neuronal nAChRs are
found in respiratory tract, endothelial, and immune cells,
and the non-neuronal cholinergic system plays a critical
role in numerous cell functions, including proliferation,
differentiation, migration, and apoptosis (programmed
cell death).32,33 Nicotine exposure during periods of
developmental vulnerability can impair development of
neurons and brain circuits, leading to changes in brain
architecture, chemistry, and neurobehavioral function
and may impair or dysregulate non-neuronal cellular
function.34

Pregnant Women and Fetuses
An estimated 10% of pregnant women in the U.S. smoke
cigarettes, exposing more than 400,000 fetuses annually
to nicotine and other toxicants such as carbon monoxide.1 Nicotine is a developmental toxicant and
adversely affects pregnancy and infant outcomes.1 Nicotine crosses the placenta and binds to nAChRs, which
are widely expressed throughout the fetal nervous
system.35 NAChRs regulate fetal brain maturation, and
expression of nAChRs is elevated during critical periods
of development.36 Animal models designed to simulate
levels of human nicotine exposure, including non-human
primate studies,37 provide compelling evidence that
exogenous nicotine has detrimental effects on neurodevelopment, resulting in cell damage, reduced cell
number, impaired synaptic activity, and premature
change from cell replication to differentiation and
initiation of apoptosis.38–40 Associations between maternal smokeless tobacco use and adverse outcomes provide
additional evidence that the use of nicotine-containing
products during pregnancy causes signiﬁcant damage to
fetal and neonatal well-being, even in the absence of
combustion.1 Speciﬁcally, studies of maternal smokeless
tobacco use and pregnancy outcomes conducted in India,
Sweden, and the U.S. have found relatively modest effects
on birth weight but increased risk of preterm birth,
stillbirth, and neonatal apnea comparable to the effects of
cigarette smoking.1,41–46 In addition, nicotine is thought
to play a key role in the increased risk of sudden infant
death syndrome (SIDS) in infants of mothers who smoke
during pregnancy through its effects on cardiorespiratory
responses.1 An estimated 5.3%–7.7% of preterm births
(a major cause of infant morbidity and mortality) and
23.2%–33.6% of SIDS deaths in the U.S. are attributed to
www.ajpmonline.org

England et al / Am J Prev Med 2015;](]):]]]–]]]
47

maternal smoking. Although the precise fraction of
those attributable speciﬁcally to nicotine has not been
precisely quantiﬁed, it is clear that prenatal nicotine
exposure contributes substantially to adverse health outcomes in infants.
Fetal tobacco exposure has been associated with
adverse neurocognitive outcomes, such as disruptive
behavioral disorders and attention deﬁcit hyperactivity
disorder in humans.1 Although causal mechanisms have
not yet been established, these ﬁndings are supported by
animal studies of nicotine.48–52 Furthermore, rodent and
primate studies found that the effects of maternal
secondhand smoke exposure on developmental outcomes are comparable to effects seen with isolated
nicotine, including effects on number of neurons, neuronal and synaptic damage, and cognitive dysfunction.53
Effects of nicotine on the fetus are not limited to the
nervous system. For example, exposure to prenatal
tobacco smoke affects offspring lung development,
including reduced respiratory compliance, forced expiratory ﬂow, and tidal breathing ratio in infants and
impaired lung function with reduced expiratory ﬂow
rates in school-aged children.1 Primate studies54–61
indicate that nicotine plays an important role in the
effects of maternal smoking on lung development;
primates with in utero nicotine exposure have decreased
lung size and volume, increased type I and type III
collagen, decreased elastin in the lung parenchyma,
increased alveolar volume, and increased airway wall
area. In addition, epidemiologic and animal studies62–64
suggest that nicotine exposure in utero can have multigenerational effects, adversely affecting lung development of both ﬁrst- and second-generation offspring,
likely through epigenetic mechanisms.
In general, women’s awareness that smoking during
pregnancy causes fetal harm is high, and cessation rates
in preparation for or during pregnancy have been
estimated to be as high as 40%.65 However, a new
emphasis on “harm reduction” by tobacco and electronic
cigarette companies could diminish concerns about noncombusted tobacco use such as electronic cigarettes. It is
currently unknown what percentage of pregnant women
use electronic cigarettes, but if tobacco companies
successfully convince women that these products are
safe or minimally harmful, women of childbearing age
who do not smoke could take up electronic cigarettes and
pregnant women who smoke could switch to electronic
cigarettes or use them to cut down on cigarette smoking,
rather than quitting tobacco entirely. In addition, because
half of pregnancies are unplanned66 and because many
women do not quit tobacco after they become pregnant,67 the number of pregnancies affected by nicotine
exposure will be highly dependent on the prevalence of
] 2015
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smoking and electronic cigarette use among women of
reproductive age. Recent national surveys indicate that
female non-smokers and female smokers are more likely
than their male counterparts to experiment with electronic cigarettes,68,69 and electronic cigarette use is
increasing sharply among females, adults aged 25–44,69
and high school students.70,71 If total tobacco use
prevalence increases above its current level, the number
of fetuses exposed to nicotine could increase. For
electronic cigarettes to have a neutral or a beneﬁcial
effect on this vulnerable population, the health beneﬁts of
reduced prevalence of cigarette smoking must not be
outweighed by adverse health effects from increased
nicotine exposure due to higher prevalence of total
tobacco use.
Because of the health risks associated with nicotine
exposure during pregnancy, the FDA recommends that
pregnant women should use nicotine-replacement therapy (NRT) products only with approval from their
healthcare professional,72 and the American College of
Obstetricians and Gynecologists recommends consideration of NRT only if a woman fails behavioral interventions and after the woman and her provider weigh the
potential harms and beneﬁts.73 Because electronic cigarettes are unproven as cessation aids, are unregulated,
can contain nicotine in concentrations inconsistent with
product labeling and additives that are potentially toxic,
tolerating acceptance of electronic cigarette use among
pregnant smokers as part of a broader public health
strategy to reduce smoking puts this population at
great risk.

Children
Electronic cigarettes pose numerous risks to children.
Widespread advertising of electronic cigarettes on TV
could easily normalize electronic cigarette use. Because
the act of using electronic cigarettes can be indistinguishable from smoking, smoking cigarettes could be renormalized for the ﬁrst time since TV advertising was
banned nearly 40 years ago. Parental electronic cigarette
use could result in unintended direct health risks to
offspring as well. Efforts to educate parents about the
dangers to children from secondhand tobacco smoke
have been largely successful and many adult smokers
have smoke-free home and/or vehicle rules.74,75 However, if these adult smokers perceive electronic cigarettes
to be safe and begin using them in their homes or
vehicles, their children could experience increased exposure to nicotine, as well as to propylene glycol, glycerin,
and other toxicants, through inhaled aerosols and
surface deposits.76 Studies of thirdhand tobacco
smoke have demonstrated that smoke components,
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including nicotine, are deposited and re-emitted from
indoor surfaces over time even after tobacco sources have
been extinguished, and can result in substantial nicotine
exposure levels.77,78 Recent studies have demonstrated
that nicotine from electronic cigarettes also deposits on
indoor surfaces79 and is absorbed by non-users.80,81
Thus, indoor surfaces in environments where electronic
cigarette use occurs could create a reservoir of nicotine
that could be ingested, absorbed transdermally, or
inhaled by children (especially young children) long after
electronic cigarette use.
Nicotine levels in infants and children exposed to
electronic cigarette aerosol and surface deposits have not
yet been studied and the health effects of nicotine in this
age group are uncertain. However, studies of tobacco
exposure from secondhand smoke in children raise
serious concerns.82 Past experience with environmental
toxicants such as lead, mercury, and organophosphates
has taught the public health community that exposure
during vulnerable periods of brain development can have
serious, long-term health consequences. Some substances, such as lead, cause irreversible damage at exposure
levels much lower than initially realized, resulting in
adverse outcomes such as decreased IQ and academic
achievement and behavioral problems.83,84 Similarly,
cognitive test scores in children aged 6–16 years who
were exposed to secondhand tobacco smoke were inversely associated with serum cotinine levels, and the largest
decrements were seen at low cotinine levels; ﬁndings
were unchanged after restriction to children aged 6–11
years.82 A subsequent systematic review85 of studies of
secondhand smoke and cognitive outcomes in children
and adolescents found that 12 of 15 studies showed
signiﬁcant inverse associations; outcomes included poor
academic achievement and neurocognitive performance,
as well as neurodevelopmental delay. Animal research
supports hypothesis that nicotine exposure after the
prenatal period has persistent damaging effects on the
brain, including cognitive deﬁcits.53,86,87 These data
justify an extremely cautious approach toward children’s
exposure to developmental toxicants such as nicotine.
Clean air laws and smoke-free rules have been a critical
component of reducing children’s exposure to tobacco
smoke. Continued efforts to minimize children’s exposure to nicotine are needed to help protect children’s
health and development.
Finally, in large enough doses, nicotine is toxic, and
can cause nausea, vomiting, diarrhea, salivation, bradycardia, and even seizures and respiratory depression.1
Some electronic cigarette cartridges contain enough
nicotine to be fatal if ingested by a child.88 Calls to
poison control centers for electronic cigarette exposures
are increasing dramatically and now make up more than

40% of all tobacco-related calls, and electronic cigarette
exposure calls are more likely to include reports of an
adverse health effect than cigarette exposure calls,
including vomiting, nausea, and eye irritation.89

Adolescents
Electronic cigarette use increased sharply among youths
between 2011 and 2013.22,23 According to a recent
national survey, more than a quarter of a million youths
who had never smoked cigarettes had used electronic
cigarettes and nearly half expressed intention to use
conventional cigarettes in the future, compared with 22%
of those who had never used electronic cigarettes.69,90
The effects of current aggressive marketing tactics for
electronic cigarettes on future youth initiation are
unknown, but decades of experience with cigarette
marketing would suggest increased use in youths is likely.
Trends in electronic cigarette use among youths are
particularly worrisome because human brain development, including areas involved in higher cognitive
function such as the prefrontal cortex, continues
throughout adolescence and into the 20s.91–93 During
this extended period of maturation, substantial neural
remodeling occurs and includes synaptic pruning and
changes in dopaminergic input.94,95 The cholinergic
system, which matures in adolescence, plays a central
role in cognitive maturation, including executive function mediated by the prefrontal cortex.91 Smoking
cigarettes during adolescence has been associated with
lasting cognitive and behavioral impairments, including
effects on working memory and attention and reduced
prefrontal cortex activation,96,97 although accurate quantiﬁcation of the effects in humans is difﬁcult because of
potential residual confounding.92 Animal studies, however, provide compelling supplemental evidence that
nicotine exposure during adolescence causes both longterm structural and functional changes in the brain.40
These effects include upregulation of nAChRs in the
midbrain, cerebral cortex, and hippocampus; reduced cell
number and size in the cerebral cortex, midbrain, and
hippocampus98; and changes in prefrontal cortex neurons such as increased dendritic length and spine
density.99
Another signiﬁcant concern regarding adolescent
experimentation and use of electronic cigarettes is that
it may lead to future use of combustible tobacco
products, or aid in the consolidation of smoking in
adolescents already experimenting with smoking.
Although deﬁnitive proof of this relationship could
require decade-long prospective studies, recent trends
in Poland reinforce this concern. Surveys of 15–19-yearolds conducted in 2010–2011 and 2012–2013 found
www.ajpmonline.org
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marked increases in electronic cigarette use, dual use of
electronic cigarette and smoked tobacco, and overall
smoking prevalence, suggesting that in Poland, electronic
cigarettes are not displacing conventional cigarettes, but
that they could be contributing to smoking initiation.100
The observation that adolescent smokers are more likely
than adult smokers to become dependent on nicotine is well
described and data support that nicotine has stronger
rewarding effects in adolescents than adults.101 The phenomenon has been replicated in animal models, and agedependent mesolimbic dopaminergic mechanisms may be
involved.102,103 Epidemiologic and animal data support that
nicotine acts as a gateway to addiction to other substances
such as cocaine, and an understanding of potential underlying molecular mechanisms is beginning to unfold.104
Ethical issues make it unlikely that there will ever be
deﬁnitive human studies that fully quantify the effects of
nicotine on the developing brain. However, existing animal
and human research consistently supports the conclusion
that nicotine exposure during adolescence affects brain
development, and the evidence is currently sufﬁcient to
warrant extreme caution regarding exposure of adolescents
to exogenous nicotine. Because of the unique vulnerability of
adolescents to developing nicotine addiction, strictly enforced
measures to limit youth access to nicotine-containing
products are an especially critical component of public health
efforts to reduce and prevent tobacco use in this age group.1

Conclusions
If electronic cigarettes are to play a beneﬁcial role in
strategies to end the tobacco epidemic without causing
unintended harm, steps to protect the health of millions
of pregnant women, infants, children, and adolescents
are needed. Because nicotine exposure during vulnerable
periods of brain and lung development can have lasting
detrimental effects, regulatory and policy measures for
electronic cigarettes or nicotine-containing products are
imperative. Among these are (1) strong prohibitions on
marketing that result in youth uptake; (2) enforceable
youth access laws identical or similar to those in effect for
other tobacco products; (3) appropriate health warnings
for all vulnerable populations; (4) packaging to prevent
accidental poisonings; and (5) protection from exposure
to secondhand electronic cigarette aerosol. Measures
should also include consideration of the impact of pricing
on youth initiation and use, and product addiction
potential and youth appeal, including youth-oriented
ﬂavorings, accessibility of products through placement in
retail venues, and social networking potential. Product
regulations should address nicotine concentration and
total amount of nicotine per vial, as well as quality
control. The age of legal sale of electronic cigarettes and
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other nicotine-containing products should reﬂect the
developmental stages during which adolescents/young
adults are most vulnerable to the adverse effects of
nicotine. Because the brain does not reach full maturity
until the 20s,93 restricting sales of electronic cigarettes
and all tobacco products to individuals aged at least 21
years and older could provide positive health beneﬁts to
both youth and young adults. These steps should be
concurrent with the intensiﬁcation of established comprehensive tobacco control programs and the introduction of the novel strategies previously discussed.
In conclusion, as stated in the 2014 Surgeon General’s
Report, efforts to drastically reduce the number of cigarette
smokers to improve health in the U.S. should be intensiﬁed.
It is most likely that impact of electronic cigarettes on the
population’s health will be beneﬁcial if accessibility, promotion, and use of combusted products are rapidly
reduced.1 There is no evidence that unfettered access to
electronic cigarettes or other non-combusted products and
aggressive marketing that appeals to youth are necessary
components of a strategy to reduce combusted product use.
In the current, unregulated environment, electronic cigarette marketing practices could impede progress toward
reducing combusted tobacco use if they glamorize and renormalize cigarette smoking, lead to regular use of nicotine
or use of cigarettes in youth or adult non-smokers, delay
quitting or reduce quit rates among smokers, facilitate
long-term dual use of combusted products and electronic
cigarettes, discourage smokers from using proven cessation
methods, or increase relapse in former smokers. In
addition, in the absence of appropriate restrictions, millions
of youth could become addicted to nicotine and many
more pregnant women, children, and adolescents unnecessarily exposed. Regulatory and public health policies that
maximize cessation of combusted products while protecting vulnerable populations from exposure to electronic
cigarettes are urgently needed.
The ﬁndings and conclusions in this article are those of the
authors and do not necessarily represent the ofﬁcial position
of CDC.
Terry F. Pechacek receives salary support from Pﬁzer Inc. for
“Diffusion of Tobacco Control Fundamentals to Other Large
Chinese Cities,” an effort to expand tobacco control in major
cities in China. No other ﬁnancial disclosures were reported by
the remaining authors of this paper.

References
1. USDHHS. The Health Consequences of smoking—50 Years of
progress: A Report of the Surgeon General. Atlanta, GA: USDHHS,
CDC, National Center for Chronic Disease Prevention and Health
Promotion, Ofﬁce on Smoking and Health; 2014.

6

England et al / Am J Prev Med 2015;](]):]]]–]]]
2. IOM. Ending the Tobacco Problem: A Blue-Print for the Nation.
Washington, DC: National Academies Press; 2007.
3. Abrams DB. Promise and peril of e-cigarettes. Can disruptive technology
make cigarettes obsolete? JAMA. 2014;311:135–136. http://dx.doi.org/
10.1001/jama.2013.285347.
4. Abrams D, Axéll T, Bartsch P, Letter: statement from specialists in
nicotine science and public health policy. www.nicotinepolicy.net/
documents/letters/MargaretChan.pdf.
5. Grana R, Benowitz N, Glantz SA. E-cigarettes: a scientiﬁc review.
Circulation. 2014;129:1972–1986. http://dx.doi.org/10.1161/CIRCULA
TIONAHA.114.007667.
6. U.S. Food and Drug administration. Deeming—Extending Authorities
to Additional Tobacco Products. www.fda.gov/TobaccoProducts/
Labeling/ucm388395.htm.
7. USDHHS, Food and Drug Administration 21 CFR Parts 1100, 1140,
and 1143 [Docket No. FDA-2014-N-0189] RIN 0910-AG38. www.
fda.gov/downloads/tobaccoproducts/guidancecomplianceregulatory
information/ucm394914.pdf.
8. National Conference of State Legislatures. Alternative Nicotine
Products/Electronic Cigarettes. www.ncsl.org/research/health/alterna
tive-nicotine-products-e-cigarettes.aspx.
9. Campaign for Tobacco Free Kids. 7 ways e-cigarette companies are
copying big tobacco’s playbook. www.tobaccofreekids.org/tobacco_
unﬁltered/post/2013_10_02_ecigarettes.
10. Staff of Richard Durbin, Henry Waxman, Tom Harkin, et al. Gateway
to addiction? A survey of popular electronic cigarette manufacturers
and targeted marketing to youth. http://democrats.energycommerce.
house.gov/sites/default/ﬁles/documents/Report-E-Cigarettes-YouthMarketing-Gateway-To-Addiction-2014-4-14.pdf.
11. ecigExpress. DIY e-liquid, electronic cigarettes, and wholesale
nicotine. www.ecigexpress.com/wholesale-nicotine-100mg.html.
12. ProVape. www.provape.com/premium-ecigarette-liquid-s/44.htm.
13. Grana R, Glantz S, Ling P. Electronic nicotine delivery systems in the
hands of Hollywood. Tob Control. 2011;20(6):425–426. http://dx.doi.org/
10.1136/tc.2011.043778.
14. Duke JC, Lee YO, Kim AE, et al. Exposure to electronic cigarette
television advertisements among youth and young adults. Pediatrics.
2014;134(1):e29–e36. http://dx.doi.org/10.1542/peds.2014-0269.
15. Public Law 91-222-APR. 1, 1970. www.gpo.gov/fdsys/pkg/STAT
UTE-84/pdf/STATUTE-84-Pg87.pdf.
16. International Vapor Group. Why E-cigs? www.internationalva
porgroup.com/about-us/why-e-cigs.html.
17. Vapourart. Which are the beneﬁts of electronic cigarettes over
tobacco cigarettes? www.vapourart.com/en/faq-item/which-arebeneﬁts-electronic-cigarettes-over-tobacco-cigarettes.
18. RJ Reynolds Vapor. Transforming tobacco. www.rjrvapor.com/
Pages/TransformingTobacco.aspx.
19. Parry L. “Nicotine is good for you”: scientist employed by cigarette
manufacturers claims highly addictive drug makes your brain work better.
Mail Online Health. 14 December 2013. www.dailymail.co.uk/health/
article-2523949/Nicotine-GOOD-Scientist-employed-cigarette-ma
nufacturers-claims-highly-addictive-drug-makes-brain-work-better.
html.
20. RJ Reynolds. Guiding principles and beliefs. www.rjrt.com/prinbe
liefs.aspx.
21. British American Tobacco. Reducing harm through innovation.
www.bat.com/group/sites/UK__3MNFEN.nsf/vwPagesWebLive/DO
7C6FBU?op%20endocument&SKN=1.
22. Corey C, Wang B, Johnson SE, et al. Notes from the ﬁeld: electronic
cigarette use among middle and high school students—United States,
2011–2012. MMWR Morb Mortal Wkly Rep. 2013;62(35):729–730.
23. Arrazola RA, Neff LJ, Kennedy SM, Holder-Hayes E, Jones CD.
Tobacco use among middle and high school students—United States,
2013. MMWR Morb Mortal Wkly Rep. 2014;63(45):1021–1026.

24. Mangan D. E-cigarette sales are smoking hot, set to hit $1.7 billion.
CNBC Healthcare. August 28, 2013. www.cnbc.com/id/100991511.
25. Brustein J. A social networking device for smokers. New York Times.
May 10, 2011. www.nytimes.com/2011/05/11/technology/11smoke.
html?_r=0.
26. Blu Premium 100 kit. www.store.blucigs.com/rechargeables/.
27. Supersmoker Bluetooth. The ﬁrst e-cigarette with Bluetooth phone
function. www.supersmokerbluetooth.com/.
28. Polosa R, Rodu B, Caponnetto P, Maglia M, Raciti C. A fresh look at
tobacco harm reduction: the case for electronic cigarettes. Harm
Reduct J. 2013;10:19. http://dx.doi.org/10.1186/1477-7517-10-19.
29. Fagerström KO, Bridgman K. Tobacco harm reduction: the need for
new products that can compete with cigarettes. Addict Behav. 2014;
39(3):507–511. http://dx.doi.org/10.1016/j.addbeh.2013.11.002.
30. International Program on Chemistry Safety. Nicotine. www.inchem.org/
documents/pims/chemical/nicotine.htmPartTitle:7.%20TOXICOLOGY.
31. Albuquerque EC, Pereira EFR, Alkondon M, Rogers SW. Mammalian nicotinic acetylcholine receptors: From structure to function.
Physiol Rev. 2009;89:73–120. http://dx.doi.org/10.1152/physrev.
00015.2008.
32. Wessler I, Kilpatrick CJ. Acetylcholine beyond neurons: the nonneuronal cholinergic systems in humans. Br J Pharmacol. 2008;154:
1558–1571. http://dx.doi.org/10.1038/bjp.2008.185.
33. Gahring LC, Rogers SW. Neuronal nicotinic acetylcholine receptor
expression and function on nonneuronal cells. AAPS J. 2006;7(4):
Article 86.
34. Thompson BL, Levitt P, Stanwood GD. Prenatal exposure to drugs: effects
on brain development and implications for policy and education. Nat Rev
Neurosci. 2009;10(4):303–312. http://dx.doi.org/10.1038/nrn2598.
35. Hellström-Lindahl E, Gorbounova O, Seiger A, Mousavi M, Nordberg A. Regional distribution of nicotinic receptors during prenatal
development of human brain and spinal cord. Brain Res Dev Brain
Res. 1998;108(1–2):147–160. http://dx.doi.org/10.1016/S0165-3806
(98)00046-7.
36. Dwyer JD, McQuown SC, Leslie FM. The dynamic effects of nicotine
on the developing brain. Pharmacol Ther. 2009;122(2):125–139.
http://dx.doi.org/10.1016/j.pharmthera.2009.02.003.
37. Slotkin TA, Seidler FJ, Qiao D, et al. Effects of prenatal nicotine exposure
on primate brain development and attempted amelioration with supplemental choline or vitamin C: neurotransmitter receptors, cell signaling
and cell development biomarkers in fetal brain regions of Rhesus
monkeys. Neuropsychopharmacology. 2005;30:129–144. http://dx.doi.org/
10.1038/sj.npp.1300544.
38. Slotkin TA. Fetal nicotine or cocaine exposure: which one is worse?
J Pharmacol Exp Ther. 1998;285:931–945.
39. Slotkin TA, Cho H, Whitmore WL. Effects of prenatal nicotine
exposure on neuronal development: selective actions on central and
peripheral catecholaminergic pathways. Brain Res Bull. 1987;18(5):
601–611. http://dx.doi.org/10.1016/0361-9230(87)90130-4.
40. Dwyer JB, Broide RS, Leslie FM. Nicotine and brain development.
Birth Defects Res C Embryo Today. 2008;84:30–44. http://dx.doi.org/
10.1002/bdrc.20118.
41. Baba S, Wikstöm AK, Stephansson O, Cnattingius S. Inﬂuence of
smoking and snuff cessation on preterm birth. Eur J Epidemiol.
2012;27:297–304. http://dx.doi.org/10.1007/s10654-012-9676-8.
42. Gupta PC, Sreevidya S. Smokeless tobacco use, birth weight, and
gestational age: population-based, prospective cohort study of 1217
women in Mumbai, India. BMJ. 2004;328:1538. http://dx.doi.org/
10.1136/bmj.38113.687882.EB.
43. Gupta PC, Subramoney S. Smokeless tobacco use and risk of
stillbirth: a cohort study in Mumbai, India. Epidemiology. 2006;17(1):
47–51. http://dx.doi.org/10.1097/01.ede.0000190545.19168.c4.
44. Steyn K, de Wet T, Saloohee Y, et al. The inﬂuence of maternal
cigarette smoking, snuff use, and passive smoking on pregnancy

www.ajpmonline.org

England et al / Am J Prev Med 2015;](]):]]]–]]]

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

outcomes: the Birth to Ten Study. Paediatr Perinat Epidemiol.
2006;20:90–99. http://dx.doi.org/10.1111/j.1365-3016.2006.00707.x.
Wikström AK, Cnattingius S, Stephansson O. Maternal use of
Swedish snuff (snus) and risk of stillbirth. Epidemiology. 2010;21(6):
772–778. http://dx.doi.org/10.1097/EDE.0b013e3181f20d7e.
Gunnerbeck A, Wikström AK, Bonamy AK, Wickström R, Cnattingius S. Relationship of maternal snuff use and cigarette smoking with
neonatal apnea. Pediatrics. 2011;128(3):503–509. http://dx.doi.org/
10.1542/peds.2010-3811.
Dietz PM, England LJ, Sharpiro-Mendoza CK, et al. Infant morbidity
and mortality attributable to prenatal smoking in the U.S. Am J Prev
Med. 2010;39(1):45–52. http://dx.doi.org/10.1016/j.amepre.2010.03.009.
Pauly JR, Sparks JA, Hauser KF, Pauly TH. In utero nicotine exposure
causes persistent, gender-dependant changes in locomotor activity
and sensitivity to nicotine in C57Bl/6 mice. Int J Dev Neurosci.
2004;22:329–337. http://dx.doi.org/10.1016/j.ijdevneu.2004.05.009.
Vaglenova J, Birru S, Pandiella NM, Breese CR. An assessment of the
long-term developmental and behavioral teratogenicity of prenatal
nicotine exposure. Behav Brain Res. 2004;150:159–170. http://dx.doi.org/
10.1016/j.bbr.2003.07.005.
Levin ED, Wilkerson A, Jones JP, Christopher NC, Briggs SJ. Prenatal
nicotine effects on memory in rats: pharmacological and behavioral
challenges. Dev Brain Res. 1999;97:207–215. http://dx.doi.org/
10.1016/S0165-3806(96)00144-7.
Huang LZ, Liu X, Grifﬁth WH, Winzer-Serhan UH. Chronic neonatal nicotine increases anxiety but does not impair cognition in
adult rats. Behav Neurosci. 2007;121:1342–1352. http://dx.doi.org/
10.1037/0735-7044.121.6.1342.
Abdel-Rahman A, Dechkovskaia AM, Sutton JM, et al. Maternal
exposure of rats to nicotine via infusion during gestation produces
neurobehavioral deﬁcits and elevated expression of glial ﬁbrillary
acidic protein in the cerebellum and CA1 subﬁeld in the offspring at
puberty. Toxicology. 2005;209:245–261. http://dx.doi.org/10.1016/
j.tox.2004.12.037.
Slotkin TA. If nicotine is a developmental neurotoxicant in animal
studies, dare we recommend nicotine replacement therapy in
pregnant women and adolescents? Neurotoxicol Teratol. 2008;30(1):
1–19. http://dx.doi.org/10.1016/j.ntt.2007.09.002.
Hanrahan JP, Tager IB, Segal MR, et al. The effect of maternal
smoking during pregnancy on early infant lung function. Am Rev
Respir Dis. 1992;145:1129–1135. http://dx.doi.org/10.1164/ajrccm/
145.5.1129.
Lødrup Carlsen KC, Jaakkola JJ, Nafstad P, Carlsen KH. In utero
exposure to cigarette smoking inﬂuences lung function at birth. Eur
Respir J. 1997;10(8):1774–1779. http://dx.doi.org/10.1183/090
31936.97.10081774.
Stocks J, Dezateux C. The effect of parental smoking on lung function
and development during infancy. Respirology. 2003;8:266–285.
http://dx.doi.org/10.1046/j.1440-1843.2003.00478.x.
Tager IB, Ngo L, Hanrahan JP. Maternal smoking during pregnancy.
Effects on lung function during the ﬁrst 18 months of life. Am J Respir
Crit Care Med. 1995. http://dx.doi.org/10.1164/ajrccm.152.3.7663813
997–983.
Maritz GS, Harding R. Life-long programming implications of
exposure to tobacco smoking and nicotine before and soon after
birth: evidence for altered lung development. Int J Environ Res Public
Health. 2011;8(3):875–898. http://dx.doi.org/10.3390/ijerph8030875.
Sekhon HS, Jia Y, Raab R, et al. Prenatal nicotine increases pulmonary
alpha 7 nicotinic receptor expression and alters fetal development in
monkeys. J Clin Invest. 1999;103:637–647. http://dx.doi.org/10.1172/
JCI5232.
Sekhon HS, Keller JA, Benowitz NL, Spindel ER. Prenatal nicotine
exposure alters pulmonary function in newborn rhesus monkeys. Am J
Respir Crit Care Med. 2001;164:989–994. http://dx.doi.org/10.1164/
ajrccm.164.6.2011097.

] 2015

7

61. Sekhon HS, Keller JA, Proskocil BJ, Martin EL, Spindel ER. Maternal
nicotine exposure upregulates collagen gene expression in fetal
monkey lung: association with alpha7 nicotinic acetylcholine receptors. Am J Respir Cell Mol Biol. 2002;26:31–41. http://dx.doi.org/
10.1165/ajrcmb.26.1.4170.
62. Li YF, Langholz B, Salam MT, Gilliland FD. Maternal and grandmaternal smoking patterns are associated with early childhood
asthma. Chest. 2005;127(4):1232–1241. http://dx.doi.org/10.1378/
chest.127.4.1232.
63. Rehan VK, Liu J, Naeem E, et al. Perinatal nicotine exposure induces
asthma in second generation offspring. BMC Med. 2012;10:
129. http://dx.doi.org/10.1186/1741-7015-10-129.
64. Leslie FM. Multigenerational epigenetic effects of nicotine on lung
function. BMC Med. 2013;11:27. http://dx.doi.org/10.1186/17417015-11-27.
65. Tong VT, Dietz PM, Farr SL, D’Angelo DV, England LJ. Estimates
of smoking before and during pregnancy: comparing two
population-based data sources. Public Health Rep. 2013;128(3):
179–188.
66. Finer LB, Zolna MR. Shifts in intended and unintended pregnancies
in the United States, 2001–2008. Am J Public Health. 2014;104(suppl 1):
S44–S48. http://dx.doi.org/10.2105/AJPH.2013.301416.
67. Tong VT, England LJ, Dietz PM, Asare LA. Smoking patterns and use
of cessation interventions during pregnancy. Am J Prev Med. 2008;
35(4):327–333. http://dx.doi.org/10.1016/j.amepre.2008.06.033.
68. Zhu S, Gamst A, Lee M, Cummins S, Yin L, Zoref L. The use and
perception of electronic cigarettes and snus among the U.S. population. PLoS One. 2013;8(10):e79332. http://dx.doi.org/10.1371/
journal.pone.0079332.
69. King BA, Patel R, Nguyen KH, Dube SR. Trends in awareness and use
of electronic cigarettes among U.S. adults, 2010-2013. Nicotine Tob
Res. 2014. http://dx.doi.org/10.1093/ntr/ntu191.
70. CDC. Notes from the ﬁeld: electronic cigarette use among middle and
high school students—United States, 2011–2012. MMWR Morb
Mortal Wkly Rep. 2013;62(35):729–730.
71. Arrazola RA, Neff LJ, Kennedy SM, Holder-Hayes E, Jones CD.
Tobacco use among middle and high school students—United States
2013. MMWR Morb Mortal Wkly Rep. 2014;63(45):1021–1026.
72. Consumer Updates: Smoking cessation products. www.fda.gov/For
Consumers/ConsumerUpdates/ucm198176.htm.
73. American College of Obstetricians and Gynecologists. Tobacco use and
women's health. Committee Opinion No. 503. Obstet Gynecol. 2011;118:
746–750. http://dx.doi.org/10.1097/AOG.0b013e3182310ca9.
74. King BA, Patel R, Babb SD. Prevalence of smokefree home rules—
United States, 1992-1993 and 2010-2011. MMWR Morb Mortal
Wkly Rep. 2014;63(35):765–769.
75. King BA, Dube SR, Homa DM. Smoke-free rules and secondhand
smoke exposure in homes and vehicles among U.S. adults, 20092010. Prev Chronic Dis. 2013;10:120218. http://dx.doi.org/10.5888/
pcd10.120218.
76. Schober W, Szendrei K, Matzen W, et al. Use of electronic cigarettes
(e-cigarettes) impairs indoor air quality and increases FeNo levels of
e-cigarette users. Int J Hyg Environ Health. 2014;217:628–637.
http://dx.doi.org/10.1016/j.ijheh.2013.11.003.
77. Matt GE, Quintana PJE, Destaillats H, et al. Thirdhand tobacco
smoke: emerging evidence and arguments for a multidisciplinary
research agenda. Environ Health Perspect. 2011;119:1218–1226.
http://dx.doi.org/10.1289/ehp.1103500.
78. Singer BC, Hodgson AT, Nazaroff WW. Gas-phase organics in
environmental tobacco smoke: exposure-relevant emission factors
and indirect exposures from habitual smoking. Atmos Environ. 2003;37:
5551–5561. http://dx.doi.org/10.1016/j.atmosenv.2003.07.015.
79. Goniewicz ML, Lee L. Electronic cigarettes are a source of thirdhand exposure to nicotine. Nicotine Tob Res. 2015;17(2):256–268.
http://dx.doi.org/10.1093/ntr/ntu152.

8

England et al / Am J Prev Med 2015;](]):]]]–]]]
80. Ballbè M, Martínez-Sánchez JM, Sureda X, et al. Cigarettes vs. e-cigarettes:
passive exposure at home measured by means of airborne marker and
biomarkers. Environ Res. 2014;135C:76–80. http://dx.doi.org/10.1016/
j.envres.2014.09.005.
81. Flouris AD, Chorti MS, Poulianiti KP, et al. Acute impact of active
and passive electronic cigarette smoking on serum cotinine and lung
function. Inhal Toxicol. 2013;25(2):91–101. http://dx.doi.org/
10.3109/08958378.2012.758197.
82. Yolton K, Dietrich K, Auinger P, Lanphear BP, Hornung R. Exposure
to environmental tobacco smoke and cognitive abilities among U.S.
children and adolescents. Environ Health Perspect. 2005;113(1):
98–103. http://dx.doi.org/10.1289/ehp.7210.
83. National Scientiﬁc Council on the Developing Child. Early exposure
to toxic substances damages brain architecture. 2006. Working
Paper No. 4. www.developingchild.harvard.edu/resources/reports_
and_working_papers/working_papers/wp4/.
84. WHO. Childhood lead poisoning. www.who.int/ceh/publications/
leadguidance.pdf.
85. Chen R, Clifford A, Lang L, Anstey KJ. Is exposure to secondhand
smoke associated with cognitive parameters of children and adolescents? A systematic literature review. Ann Epidemiol. 2013;23:
652–661. http://dx.doi.org/10.1016/j.annepidem.2013.07.001.
86. Ginzel KH, Maritz GS, Marks DF, et al. Critical review: nicotine for
the fetus, the infant, and the adolescent? J Health Psychol. 2007;12:
215–224. http://dx.doi.org/10.1177/1359105307074240.
87. Gould TJ, Leach PT. Cellular, molecular, and genetic substrates
underlying the impact of nicotine on learning. Neurobiol Learn Mem.
2014;107:108–132. http://dx.doi.org/10.1016/j.nlm.2013.08.004.
88. WHO. Tobacco Free Initiative (TFI): Electronic cigarettes (e-cigarettes) or electronic nicotine delivery systems. www.who.int/tobacco/
communications/statements/eletronic_cigarettes/en/.
89. Chatham-Stephens K, Law R, Taylor E, et al. Notes from the ﬁeld:
calls to poison centers for exposures to electronic cigarettes—United
States, September 2010–February 2014. MMWR Morb Mortal Wkly
Rep. 2014;63(13):292–293.
90. Bunnell RE, Agaka IT, Arrazola RA, et al. Intentions to smoke
cigarettes among never-smoking U.S. middle and high school
electronic cigarette users, National Youth Tobacco Survey 20112013. Nicotine Tob Res. 2014. http://dx.doi.org/10.1093/ntr/ntu166.
91. Poorthuis RB, Goriounova NA, Couey JJ, Mansvelder HD. Nicotinic
actions on neuronal networks for cognition: general principles and
long-term consequences. Biochem Pharmacol. 2009;78(7):668–676
http://dx.doi.org/10.1016/j.bcp.2009.04.031.
92. Goriounova NA, Mansvelder HD. Short- and long-term exposure of
nicotine exposure during adolescence for prefrontal cortex neuronal

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

network function. Cold Spring Harb Perspect Med. 2012;2(12):
a012120. http://dx.doi.org/10.1101/cshperspect.a012120.
Giedd JN. Structural magnetic resonance imaging of the adolescent
brain. Ann N Y Acad Sci. 2004;1021:77–85. http://dx.doi.org/
10.1196/annals.1308.009.
Durston S, Hulshoff Pol HE, Casey BJ, Giedd JN, Buitelaar JK, van
Engeland H. Anatomical MRI of the developing human brain: what
have we learned? J Am Acad Child Adolesc Psychiatry. 2001;40:
1012–1020. http://dx.doi.org/10.1097/00004583-200109000-00009.
Ernst M, Fudge J. A developmental neurobiological model of motivated
behavior: anatomy, connectivity and ontogeny of the triadic nodes.
Neurosci Biobehav Rev. 2009;33(3):367–382. http://dx.doi.org/10.1016/
j.neubiorev.2008.10.009.
Jacobsen LK, Krystal JH, Mencl WE, Westerveld M, Frost SJ, Pugh
KR. Effects of smoking and smoking abstinence on cognition in
adolescent tobacco smokers. Biol Psychiatry. 2005;57:56–66.
http://dx.doi.org/10.1016/j.biopsych.2004.10.022.
Musso F, Bettermann F, Vucurevic G, Stoeter P, Konrad A, Winterer
G. Smoking impacts on prefrontal attentional network function
in young adult brains. Psychopharmacology (Berl). 2007;191:
159–169. http://dx.doi.org/10.1007/s00213-006-0499-8.
Trauth JA, Seidler FJ, Slotkin TA. Persistent and delayed behavioral changes after nicotine treatment in adolescent rats. Brain
Res. 2000;880:167–172. http://dx.doi.org/10.1016/S0006-8993(00)
02823-7.
Brown RW, Kolb B. Nicotine sensitization increases dendritic length
and spine density in the nucleus accumbens and cingulate cortex.
Brain Res. 2001;899(1–2):94–100. http://dx.doi.org/10.1016/S0006-89
93(01)02201-6.
Goniewicz ML, Gawron M, Nodolska J, Balwicki L, Sobczak J. Rise in
electronic cigarette use among adolescents in Poland. J Adolesc
Health. 2014;55:713–715. http://dx.doi.org/10.1016/j.jadohealth.2014.
07.015.
USDHHS. Preventing tobacco use among youth and young adults: a
report of the Surgeon General. Atlanta, GA: USDHHS, CDC,
National Center for Chronic Disease Prevention and Health Promotion, Ofﬁce on Smoking and Health; 2012.
O’Dell LE. A psychological framework of the substrates that mediate
nicotine addiction use during adolescence. Neuropharmacology.
2009;56:263–278. http://dx.doi.org/10.1016/j.neuropharm.2008.07.039.
O’Dell LE. NICO-TEEN: neural substrates that mediate adolescent
tobacco abuse. Neuropharmacol Rev. 2011;36:356–357.
Kandel ER, Kandel DB. A molecular basis for nicotine as a gateway
drug. N Engl J Med. 2014;317:932–943. http://dx.doi.org/10.1056/
NEJMsa1405092.

www.ajpmonline.org

