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Effects of Nicotine During Pregnancy: Human and Experimental Evidence 
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Abstract: Prenatal exposure to tobacco smoke is a major risk factor for the newborn, increasing morbidity and even mortality in the neo-
natal period but also beyond. As nicotine addiction is the factor preventing many women from smoking cessation during pregnancy, nico-

tine replacement therapy (NRT) has been suggested as a better alternative for the fetus. However, the safety of NRT has not been well 
documented, and animal studies have in fact pointed to nicotine per se as being responsible for a multitude of these detrimental effects. 

Nicotine interacts with endogenous acetylcholine receptors in the brain and lung, and exposure during development interferes with nor-
mal neurotransmitter function, thus evoking neurodevelopmental abnormalities by disrupting the timing of neurotrophic actions. As ex-

posure to pure nicotine is quite uncommon in pregnant women, very little human data exist aside from the vast literature on prenatal ex-
posure to tobacco smoke. 

The current review discusses recent findings in humans on effects on the newborn of prenatal exposure to pure nicotine and non-smoke 

tobacco. It also reviews the neuropharmacological properties of nicotine during gestation and findings in animal experiments that offer 
explanations on a cellular level for the pathogenesis of such prenatal drug exposure.  

It is concluded that as findings indicate that functional nAChRs are present very early in neuronal development, and that activation at this 

stage leads to apoptosis and mitotic abnormalities, a total abstinence from all forms of nicotine should be advised to pregnant women for 
the entirety of gestation. 
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1. INTRODUCTION 

 Although knowledge about the negative effects on the fetus and 
the newborn of smoking during pregnancy is getting increasingly 
widespread, this habit still remains a great problem worldwide. The 
International Child Care Practices Study concluded in a survey of 
21 centers in 17 countries that an average of 22% of mothers and 
45% of fathers were smoking at the time of their child’s birth [94]. 
Although the geographical variations are large, this most likely 
represents the single largest modifiable neuropharmacological ex-
posure for the fetus. A large number of studies confirm that mater-
nal tobacco smoking during pregnancy adversely affects pre- and 
postnatal growth and increases the risk of fetal mortality [3,16,66], 
morbidity [45,131], cognitive development [7,33], and behavior of 
children and adolescents [133,134].  

 The possible adverse health effects of smokeless tobacco during 
pregnancy have received far less attention with a limited number of 
publications addressing this practice. Characterisation of this asso-
ciation is however important for several reasons. Firstly, millions of 
pregnant women use smokeless tobacco, predominantly in Africa 
and Asia [40] but also in Scandinavia [58]. These women are not 
exposed to the combustion products in tobacco smoke (e.g. carbon 
monoxide and cyanide) that may contribute to fetal hypoxia and 
reduced birthweight, but as nicotine levels may be very high the 
fetal exposure to nicotine may be unaltered or even increased. Sec-
ondly, as the hazards of smoking during pregnancy have become 
more evident in recent years, pregnant women are in rapidly in-
creasing numbers turning to other forms of nicotine. Therefore, the 
use of smokeless tobacco during pregnancy is an important clinical 
issue also for other countries than those primarily affected today. 
Finally, studying children exposed to smokeless tobacco, rather 
than tobacco smoke, facilitates comparison with the multitude of 
animal and cellular studies that have most often studied nicotine per
se.

 This article reviews current knowledge about the neuropharma-
cological effects of prenatal exposure to nicotine, a practise that 
compared to smoking is likely to be less harmful for the mother. 
Whether this is the case also for the fetus is however highly unclear. 
The article covers the current literature on studies in human infants 
exposed to nicotine primarily from other sources than tobacco 
smoke. Such data are quite scarce as use of smokeless tobacco  
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among pregnant women is relatively less common than smoking. 
Furthermore, it addresses data obtained in animal experiments that 
allow separation of several of the confounding factors that are diffi-
cult to control in the human situation. Although the relevance of 
results from another species are always difficult to determine, these 
findings are vital for our understanding of the effects of prenatal 
nicotine exposure. Finally, it examines possible neural mechanisms 
that may contribute to the adverse effects of prenatal exposure to 
nicotine. 

2. TOBACCO USE AMONG PREGNANT WOMEN 

a. Smoking During Pregnancy 

 It is estimated that 15 to 25% of women smoke during preg-
nancy [20,94,98] and although pregnancy motivates a minority of 
women to stop smoking for at least part of their pregnancy, most 
start again after delivery [98]. There is also a strong correlation 
between maternal smoking during pregnancy and young age, un-
married status and being from low socio-economic strata [68]. De-
spite current knowledge about the detrimental effects of smoking 
during pregnancy, the reduction in smoking among pregnant 
women is progressing very slowly. In some regions, e.g. Sweden, 
smoking has decreased at a higher rate and is now below 10% 
[125]. This decrease is however often coupled to a simultaneous 
increase in the use of smokeless tobacco, resulting in virtually unal-
tered levels of nicotine exposure for the fetus [125]. 

b. Other Sources of Nicotine 

 It is well established that nicotine replacement therapy (NRT) 
increases the likelihood of successful smoking cessation in non-
pregnant adults by 1.5 to 2-fold, regardless of what (if any) other 
efforts are made [112]. Whether this is also true for pregnant 
women is however unclear, and is discussed further below. Al-
though this is surely beneficial for the woman’s health, it is unclear 
if the offspring is any better off with this strategy. The main mode 
of action of NRT is thought to be the stimulation of nicotinic recep-
tors in the ventral tegmental area of the brain and the consequent 
release of dopamine in the nucleus accumbens. 

 In clinical praxis, pregnant women in most countries are ad-
vised to avoid any form of nicotine exposure if this is possible [95]. 
However, there is a general view that NRT during pregnancy is 
safer than smoking, recently reflected in a British Medical Journal 
editorial entitled “Nicotine replacement therapy in pregnancy is 
probably safer than smoking” [20]. NRT in pregnancy is therefore 
being encouraged in the absence of any direct evidence for its 
safety. Around 30% of pregnant women succeed in stopping smok-
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ing during pregnancy without pharmacological support, but for 
those who do not succeed, or have previously failed in an attempt to 
quit, the use of NRT to support smoking cessation in pregnancy is 
often considered justifiable in relation to the risk of continued 
smoking [85]. Recent studies also confirm that nicotine replacement 
therapies are commonly prescribed or recommended to pregnant 
smokers by obstetric providers. Interestingly, pediatric clinicians 
were more reluctant to NRT prescription [97]. 

 As knowledge about the adverse effects of maternal smoking 
during pregnancy has increased over the last 15 years, women in 
several parts of the world have turned to alternative sources of nico-
tine. Similarly, smoking among women in South East Asia is rare, 
but use of smokeless tobacco is common [103]. Among women in 
India, smokeless tobacco has been demonstrated to constitute more 
than 95% of the total tobacco consumption, thereby by far surpass-
ing smoking as the primary source of nicotine during gestation [40]. 
In the Mumbai Cohort study [41], 58% of 59,527 lower-middle and 
lower-class women age 35 years and old reported current tobacco 
use, virtually all of which was smokeless. 

 A possible confounder of all studies of tobacco use during 
pregnancy, and in particular those emanating from developing 
countries, is that tobacco use tends to be associated with several 
other risk factors. In India, women using smoke-less tobacco had 
relatively lower socioeconomic status, weight, and educational 
status and were less likely to have had optimal antenatal care [44]. 
Similar associations are likely to occur in most countries and need 
to be considered when interpreting results. 

3. PHARMACOLOGICAL ACTIONS OF NICOTINE 

 The causative agent for the adverse effects of maternal smoking 
during gestation have been difficult to elucidate as cigarette smoke 
contains thousands of biologically active compounds, some of 
which are known to be fetal toxins (e.g. carbon monoxide (CO), 
metals and nicotine).  

 The adverse effects on the fetus of maternal smoking are likely 
to be multi-factorial, including indirect effects such as poor nutri-
tional status of the mother associated with the anorexigenic effect 
of nicotine, carbon monoxide exposure, and blood flow restriction 
to the placenta due to the vasoconstrictive effects of catecholamines 
released from the adrenals and nerve cells after nicotine activation. 
Direct effects on nicotinic acetylcholine receptors (nAChRs), which 
are present and functional very early in the fetal brain [5] are also 
likely to contribute.  

 Due to the pH of the cigarette smoke, only small amounts of 
nicotine are absorbed through the buccal mucosa [38]. In contrast, 
nicotine is rapidly absorbed when the tobacco smoke reaches the 
small airways and alveoli of the lung. This causes a quick rise in 
blood nicotine concentrations, but due to the eventual burnout of 
the cigarette, these levels also peak early and thereafter drop to 
lower levels [10]. Alternative sources of nicotine can be divided 
into two distinct groups: a) pure nicotine products (nicotinic patches, 
gum, oral inhaler, nasal spray, lozenges or sublingual tablets), and 
b) smokeless tobacco (chewing tobacco, oral moist snuff and 
mishri). 

 Comparison of typical steady-state plasma nicotine concentra-
tions from different modes of administration has proven difficult. 
Whereas some studies report similar levels as cigarette smoking 
(typically ranging from 10-50 ng/ml) [96], others report substan-
tially higher [81] or lower [57] levels of nicotine. One reason for 
this discrepancy is different definitions of how to define “levels” of 
nicotine. Although the rise in the plasma and brain nicotine levels 
are slower using NRT than with smoking, concentrations of nico-
tine in the blood also decline much slower [12,57]. The total dose 
of nicotine (i.e. the area under the curve) is therefore in practise 
likely to be higher in persons using these formulations than after 

smoking a cigarette. The exception is nasal spray which provides a 
rapid delivery of nicotine almost similar to that seen after smoking 
[39,129]. Consequently, the risk of developing addiction has been 
demonstrated to be higher in subjects using nasal spray as com-
pared to other forms of NRT [135]. The overall risk was, however, 
much lower than for those using cigarettes.  

 An estimate of blood levels of nicotine with nicotine patches 
range from 10 to 20 ng/ml, and 5 to 15 ng/ml for nicotine gum, 
inhaler, sublingual tablet, and nasal spray [9,11,110](for review of 
kinetics see [57]). From these data it has been estimated that ad 
libitum use of smokeless tobacco results in one-third to two-thirds 
the concentration of nicotine that is achieved by cigarette smoking. 
Oral snuff contain concentrations of nicotine similar to cigarette 
tobacco, whereas chewing tobacco only contain about half of the 
concentration [132]. These formulations are also buffered to alka-
line pH to enable oral absorption and particularly moist snuff is 
capable of rapidly delivering high doses of nicotine [28]. Using 
nicotine patches, nicotine base is slowly absorbed through the skin, 
appearing in the bloodstream after about one hour. There is also a 
deposition in the skin, causing a continued absorption after removal 
of the patch corresponding to about 10% of the total dose [29]. 

 The plasma half-life of nicotine is about 2 h, provided a low 
level of first-pass metabolism. However, conflicting results exist 
and if urinary excretion of nicotine is used the terminal half-life 
averages 11 h [59]. This discrepancy may be partly explained by 
the fact that the latter method is considered more sensitive to lower 
levels of nicotine and that nicotine accumulates in body tissues. 
Therefore, although peak and trough levels follow each cigarette, 
basal nicotine levels rise during the day and the influence of peak 
levels may be of less importance [10]. This is of particular impor-
tance when discussing NRTs as these lack the typical peak and 
trough levels one would expect in cigarette smokers. After absorp-
tion, the distribution of nicotine in the body is rapid and has a par-
ticularly high affinity for the brain, heart and lungs. Nicotine’s pri-
mary metabolite is cotinine, but metabolisation also occurs by glu-
coronidation and N-oxi-dation [57]. Due to the relatively longer 
half-life of cotinine (17 h vs. 2 hours for nicotine in non-pregnant 
adults), this compound is often used as a marker of smoking as it is 
more stable and therefore easier to measure. 

 Nicotine exerts its effects by binding to nicotinic acetylcho-
linergic receptors (nAChRs), located in the brain, in autonomic 
ganglia, the adrenal medulla and the neuromuscular junctions. Sev-
eral subtypes of nicotinic cholinergic receptors exist, composed of 
different subunits, and activation of these receptors affects the re-
lease of a multitude of neurotransmitters including dopamine, nora-
drenaline, adrenaline, acetylcholine, serotonin (5-HT), -aminobu-
tyric acid (GABA), glutamate and neuromodulators such as sub-
stance P. Compared with the amount of data of the pharmacological 
dynamics of nicotine and cotinine in non-pregnant adults, less is 
known about the situation during pregnancy. There are, however, 
evidence that nicotine is metabolised more quickly in pregnancy. 
Plasma clearances of nicotine and cotinine are increased by 60% 
and 140%, respectively, and the half life of cotinine is reduced in 
pregnant women (9 h v 17 h in non-pregnant women) [22]. This 
indicates that the correlation between plasma levels of cotinine and 
intake of tobacco cannot be automatically transformed from the 
non-pregnant to the pregnant adult. 

 To date, however, the efficacy of NRT therapy in pregnancy is 
not known as evidence comes from only two studies and is incon-
clusive. A randomised study failed to demonstrate an increased 
likelihood of smoking cessation using nicotine patches, but the 
numbers studied were small, and the trial was underpowered to 
actually determine whether nicotine replacement was effective 
[138]. The second study was not placebo controlled and any effects 
by NRT were difficult to discriminate due to the experimental de-
sign [50]. It should be noted, however, that there are at present no 
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studies that have demonstrated positive effects of NRT in pregnant 
women. Also, these findings may reflect that pregnancy in itself is a 
very potent motivation for smoking cessation and as nicotine is 
metabolised more rapidly during pregnancy [22], higher doses than 
conventional NRT may be needed to obtain an effect. 

 When considering the potential fetal toxicity of any given drug, 
the disposition between the mother and the fetus is of vital impor-
tance. Nicotine easily crosses the placental barrier, and in humans it 
can be detected in the fetal circulation at levels exceeding maternal 
concentrations by 15%, while amniotic fluid concentrations of nico-
tine are 88% higher than maternal plasma [75,99]. This transfer is 
rapid with peak concentrations in the fetus after 15-30 minutes [75]. 
Nicotine also accumulates in breast milk, extending the nicotinic 
exposure to the postnatal period during breastfeeding [21,74]. Simi-
larly, an accumulation of nicotine in the fetal brain has been dem-
onstrated in rats [109]. 

4. EFFECTS OF NICOTINE IN HUMANS 

a. Effects on Pregnancy and the Newborn 

 The first suggestion of an association between maternal smok-
ing and preterm labour and delivery came in 1957 and identified a 
premature birth-rate (defined as birthweight <2500 g) nearly twice 
that of non-smokers. Also, a dose–response relationship of cigarette 
smoking and premature delivery was described [114]. This associa-
tion has thereafter been confirmed in a number of studies, but data 
have also given conflicting results. A recent study offers a possible 
explanation to the discrepancy as it indicates that maternal smoking 
in fact lowers the risk of very preterm birth due to gestational hy-
pertension, but increases the risk of very preterm birth due to other 
mechanisms [15]. This complexity may also explain why the effects 
of maternal smoking are connected to the parity of the mother. Also 
in a study from the United States, the association between smoking 
and preterm delivery before 33 weeks’ gestation was stronger than 
for later preterm delivery [111].  

 Women using smokeless tobacco have also been shown to give 
birth earlier than women not using tobacco (mean difference 6.2 
days), increasing the risk of preterm birth by a factor of 1.4. The 
crude relative risk for birth before 32 weeks was 3.7 and for birth 
before 28 weeks it was 7.2 [42]. Similar findings were seen in a 
study from South Africa, where snuff users had a significantly 
shorter gestational age than the both smokers and control subjects 
[128]. However, interpretation of this study is limited as data are 
limited and the demographical base is extremely complicated with a 
very high risk for confounding factors. 

 A number of studies have investigated the cardiovascular ef-
fects of nicotine during pregnancy, these have been reviewed exten-
sively elsewhere [23]. The conclusion of these studies is that NRT 
appears to have cardiovascular effects on both the mother and the 
fetus, but that the effects are rather small. Most of the studies deal 
with the effects of acute nicotine exposure, and will therefore not be 
further discussed in this article. It is, however, important to notice 
these findings as they point to other factors than uteroplacental 
insufficiency as being responsible for the detrimental outcome of 
nicotine during pregnancy. The hypothesis that other constituents of 
tobacco smoke than nicotine affect the cardiovascular system is 
corroborated also by recent findings from a study of all live births 
in Sweden 1999-2000. Whereas pre-eclampsia was reduced in 
smokers (adjusted odds ratio, 0.63) it was increased in snuff users 
(adjusted odds ratio, 1.58) [25]. This indicates that the protective 
factor against pre-eclampsia in cigarette smoke is a product of 
combustion rather than nicotine. In the absence of this protective 
factor, nicotine may in fact raise the pre-eclampsia risk through 
effects on the cardiovascular system, such as by causing endothelial 
dysfunction or raising blood pressure. Although it cannot be ruled 
out that additives in snuff (e.g. sodium and liquorice) cause an ele-
vation in blood pressure, this is unlikely as most brands of Swedish 

snuff do not contain liquorice and salt restriction has not been found 
to prevent pre-eclampsia [78]. 

 An association between maternal smoking and a reduced birth 
weight is also well established, displaying a clear dose-response 
pattern. In fact, between the years 1957 and 1986, over 100 studies 
(comprising more than 500 000 births) were published demonstrat-
ing that children born to smoking mothers have lower birthweights 
[76]. A review of pooled data concluded that the decrease in mean 
birthweight in infants of smoking mothers was 187 g (range 70–242 
g) [1]. The effect is however only seen if smoking is continued past 
gestational week 30, coinciding with the maximum growth of the 
fetus [49]. 

 Several studies from India have demonstrated a relationship 
between smokeless tobacco use during pregnancy, mainly mishri (a 
pyrolysed and powdered tobacco), and effects on birthweight. Of 
1388 singleton births in a Pune hospital, tobacco chewers had ba-
bies with a consistent birth weight deficit of 100-200 g, independent 
of maternal weight, socioeconomic status, and gestational age [67]. 
In another Indian study from the city of Mumbai of 178 deliveries, 
the proportion of low birth weight babies in users was twice as high 
as that of non-users [82]. A prospective, population based study 
from the same region corroborated these findings with babies born 
to mothers using smokeless tobacco being on average 105 g lighter 
[42]. When adjusted for gestational age, the difference was 87 g 
with a significantly larger decrease in boys than girls. This study 
also demonstrated a dose-response relationship when comparing 
light users (mean decrease 63 g) and heavy users (mean decrease 
189 g). In contrast, babies of mothers using dry snuff in South Af-
rica displayed only a non-significant decrease in birth weight (29.4 
g), whereas those born to smoking mothers displayed a significantly 
lower mean birthweight (165 g) [128]. This discrepancy as com-
pared to the studies from India may be due to differences in type of 
tobacco and possibly lower blood nicotine levels as the amounts of 
snuff was not recorded. Also, as mentioned earlier, this study is 
limited by a complex demographical base with a very high risk for 
confounding factors. 

 In a large study from the Swedish Birth Registry of 789 preg-
nant women using snuff, 11,240 smokers, and 11,495 nonusers, a 
relatively smaller effect on birth weight as compared to smoking 
mothers was also seen. Compared with nonusers, the adjusted mean 
birth weight was reduced in snuff users by 40 g, in light smokers by 
172 g, and in moderate-to heavy smokers by 224 g. As the registry 
contained mothers whose late gestational tobacco use was not 
known (and therefore may represent quitters), the study population 
was also restricted to women whose late pregnancy tobacco expo-
sure was known The adjusted mean birth weight was then reduced 
in snuff users by 93 g, in light smokers by 213 g, and in moderate-
to-heavy smokers by 250 g [25]. This is a large study and the find-
ings clearly suggests that other factors in smoking, e.g. carbon 
monoxide, play a more prominent role than nicotine in fetal growth 
restriction among smokers. However, one major drawback of this 
study is that the amount of snuff was not possible to extract from 
patient records, potentially leading to an underestimation of nico-
tine exposure. 

 In a trial of NRT in pregnancy, babies born to women in the 
nicotine treatment group had significantly higher birth weights than 
those in the placebo group (mean difference 186 g) [138]. This 
again may indicate that other factors than nicotine (e.g. CO or ef-
fects on the placenta) may be responsible for the growth retardation 
seen in children of smoking mothers, but also that the levels of 
nicotine is likely to be of vital importance for possible adverse ef-
fects. It has been thought that the main effect of nicotine on gesta-
tional parameters is caused by a vasoconstriction of uteroplacental 
blood vessels, leading to a reduced blood flow to the placenta and a 
subsequent reduction in the delivery of oxygen and nutrients to 
fetus. However, studies of blood flow in humans have failed to 
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demonstrate a correlation between such a uteroplacental insuffi-
ciency and fetal growth retardation, except when blood flow is se-
verely compromised (reviewed in [23]). 

 The neurological consequences of a moderately reduced birth 
weight are not as clear as those of prematurity or of a more pro-
nounced decrease in birthweight [56,130]. A study of IQ in 6-years 
old children has demonstrated a correlation between low birth-
weight and a lower IQ score, also for those with a more moderate 
decrease in birth weight [14]. However, animal studies (further 
discussed below) indicate that birth weight is a poor marker of neu-
rological outcome and that neural consequences may occur at much 
lower doses of nicotine than those required for reducing birth 
weight in the offspring. 

 Another important finding from several studies is that smoke-
less tobacco appears to increase the rate of stillbirth. The associa-
tion was described almost 30 years ago, where tobacco-chewing 
mothers in India were found to have a rate of stillbirth 3 times 
higher than that in nonusers [67]. In western countries, maternal 
cigarette smoking has been causally associated with an increased 
risk for stillbirth; the relative risk ranges from 1.2 to 1.6 [2]. A re-
cent study from India also reports in increased risk for stillbirth 
among users of NST, most of whom used mishri. After adjustment 
for confounding factors, the risk for stillbirth in users was 2.6 with 
a dose–response relationship between the daily frequency of use 
and stillbirth risk. The risk of stillbirth was also greater in earlier 
gestational periods [43]. Use of Smoke-less tobacco use during 
pregnancy thus appears to increase the risk of stillbirth at least as 
much as does maternal cigarette smoking. 

 The effects of maternal smoking during gestation on the risk for 
perinatal morbidity is well demonstrated, showing an increased risk 
in a dose-response fashion. This is illustrated by studies of children 
born to mothers who smoked 20 cigarettes or more, displaying a 
lower 5-minute APGAR scores and umbilical pH level, and more 
than 50% of these newborns required intensive care at the NICU 
[45,131]. Also, the perinatal mortality rate among smokers is 150% 
greater than is seen in non-smokers [66]. No similar studies on 
perinatal morbidity exist to date for NST, with the exception of the 
rate of stillbirth discussed above and neurobehavioural effects dis-
cussed below. 

b. Neurobehavioural Effects 

 The neurobehavioural effects of in utero exposure to tobacco 
via maternal smoking has been reviewed elsewhere [26]. In sum-
mary, the data indicate that in utero exposure to tobacco is associ-
ated with motor, sensory, and cognitive deficits in infants and tod-
dlers, suggesting a toxic effect of tobacco on early neurodevelop-
ment. Similar findings were seen in older infants where maternal 
smoking also was associated with a significant increase in external-
ising (e.g., oppositional, aggressive, overactive) behavioural prob-
lems. The behavioural and cognitive deficits associated with in 
utero exposure to tobacco thus seem to continue into late childhood 
and adolescence and to lead to increased risk for attention-
deficit/hyperactivity disorder (ADHD) and conduct disorder (CD). 
No similar studies exist after in utero exposure to smokeless to-
bacco, leaving the question of what etiological agent(s) of tobacco 
smoke are mediating these effects open. However, animal studies 
(as described further below) indicate an important role for nicotine 
in this pathogenic process.  

 Infants born to smoking mothers are also at increased risk for 
developing nicotine dependence later in life. Signs of abstinence 
and altered behaviour are clearly visible in the perinatal period and 
follow a dose-response relationship [37,70]. During adolescence, a 
greater than 5-fold increased risk of adolescent-onset drug depend-
ence was seen in girls whose mothers smoked 10 or more cigarettes 
almost daily during pregnancy. These findings could not be ex-
plained by maternal substance abuse during pregnancy, parental 

psychiatric diagnosis, family risk factors, prenatal and early devel-
opmental history of offspring, postnatal maternal smoking, or 
smoking in the offspring [134]. A direct specific action by nicotine 
on the developing human brain is possible during a large part of the 
prenatal life, since the nicotinic receptors are already present in the 
brain during the first trimester [52]. 

c. Autonomic Effects and SIDS 

 The association between the risk for Sudden Infant Death Syn-
drome (SIDS) and maternal smoking during pregnancy is well es-
tablished and smoking is the strongest risk factor for SIDS display-
ing a definite dose–response relationship. Maternal smoking of 
more than 20 cigarettes per day increases the relative risk for SIDS 
five-fold [84]. This association was further strengthened following 
the “back to sleep”-campaign, advocating a supine sleeping position 
for all newborns. Whereas this reduced the incidence of SIDS by 
about 50%, it increased the association with smoking, making it the 
sole most important risk factor [24,54]. It has been estimated that 
approximately 30–40% of all cases of SIDS could be avoided if all 
pregnant women stopped smoking in a population with 30% preg-
nant smokers [138]. 

 As the mechanism behind SIDS is not fully understood, nor has 
the mechanism for the increased risk by maternal smoking been 
elucidated. However, concordant with the hypothesis of an altered 
arousability in SIDS victims, such a deficiency has been demon-
strated in children of smoking mothers [55]. Similarly, it has been 
demonstrated that hypoxic arousal was reduced after maternal 
smoking [72]. Measuring autonomic function in human infants is 
quite complicated as many deficiencies are not visible under basal 
conditions. Therefore, indirect evaluation of the autonomic nervous 
system is often employed, using either challenge tests involving 
measurements of heart rate and blood pressure responses after 
stimulation of peripheral chemoreceptors or baroreceptors, or by 
power spectral analysis of heart rate variability (HRV). In children 
of smoking mothers, an increasing number of cigarettes was corre-
lated with deeper the heart rate (HR) declines and smaller HR rises. 
Also, HR response lag time after the ventilatory response to hyper-
oxia, hypoxia and hypercapnia was 2.5 s greater than that in the 
control group for all three stimuli., This difference also increased 
with the number of cigarettes smoked by the mother in a dose-
dependent manner [127].  

 Similarly, effects on the resting spectral power pattern of heart 
rate during different sleep stages was seen in infants of smoking 
mothers, studied at a median postnatal age of 10.5 weeks. A de-
creased HRV was seen at both ends of the spectrum, resembling the 
effects of long-term smoking in adults [32]. 

 It has also been demonstrated that SIDS victims have a deficit 
of 5-HT receptors in areas in the medulla oblongata, containing 
abundant serotonergic projections to the respiratory system that 
regulate defense mechanisms to exogenous stressors such as as-
phyxia. A decreased serotonergic receptor binding was seen in the 
arcuate and caudal raphe nuclei in the majority of the SIDS victims 
examined [64]. This may result in failure of protective responses to 
life-threatening stressors such as asphyxia, hypoxia, or hypercarbia. 
Recent studies by the same group has further described the abnor-
malities in both 5-HT neuron firing, synthesis, release, and clear-
ance. Male SIDS cases also had slightly lower 5-HT (1A) binding 
density in the raphe obscurus as compared with female cases, thus 
suggesting a neurochemical gender difference that may help explain 
the increased vulnerability of boys to SIDS [100]. 

5. EFFECTS OF PERINATAL NICOTINE IN ANIMAL 

MODELS 

a. Effects on Gestation and the Newborn 

 As with humans, studies in monkeys and sheep demonstrate 
that acute nicotine exposure has cardiovascular effects on both the 
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mother and fetus. However, these effects require extremely high 
doses of nicotine and do not support the uteroplacental insuffi-
ciency model [65,86,104]. Using osmotic pumps during gestation, it 
has been demonstrated in a number of studies that whereas chronic 
nicotine exposure during pregnancy reduces maternal weights, it 
usually does not affect fetal growth [92,101,121]. In other studies, 
signs of gestational toxicity in the form of fetal resorption and in-
trauterine growth retardation are described [35,90,113,120]. How-
ever, in these studies a dose of 6 mg/kg*day free base was used, 
that may lead to maternal mean nicotine levels of approximately 80 
ng/ml [73,87] and thus exceed the levels found in the most heavy 
smokers. In a study which compared the effects of nicotine and 
epinephrine it was concluded that both had similar effects on uter-
ine blood flow and reduced maternal weight gain without affecting 
fetal growth (Birnbaum 1994). It therefore appears that fetal birth 
weight is only moderately affected by a dose of 6 mg/kg*day nico-
tine bitartrate, and has no effect at lower doses. 

 Studies of gestational length in animals are scarce, possibly 
because the relatively shorter gestational periods in rodents blunt 
results. However, there are studies that have indicated a increased 
variability in the timing of birth in rat pups prenatally exposed to 
nicotine [105]. It is important to note that lowering the dose of nico-
tine in rats to the point where growth impairment vanishes, and 
where plasma levels match those of moderate smokers, still pro-
duces all the signs of fetal brain damage that are seen at higher 
doses [116]. This has high clinical relevance since intrauterine 
growth retardation is the most commonly used predictor of adverse 
perinatal outcome in offspring of smokers [24]. 

b. Neurobehavioural Effects 

 Although evidence for a deleterious effect of in utero exposure 
to nicotine on behaviour and cognition later in life seems over-
whelming, it is difficult to separate these effects from other con-
founding environmental and genetic factors, e.g. parental character-
istics such as IQ, maternal health, family psychiatric history and 
substance abuse as well as smoking characteristics. For this reason, 
the use of animal models, which permit the control of environ-
mental factors, becomes critical to validate findings in humans. 
However, especially in the case of neurobehavioural effects, the 
generalization of findings of animal studies to human function re-
quires caution, given species differences and methodological limita-
tions. 

 Enhanced locomotor activity is associated with in utero nicotine 
exposure in several species (e.g. rats, mice, and guinea pigs) 
[4,34,80]. Such enhanced locomotor activity has been considered to 
support the association with ADHD [83], but a direct link is diffi-
cult to establish due to the non-specific nature of the changes in 
locomotor activity in animals.  

 Also, cognitive impairments after prenatal exposure to nicotine 
has been demonstrated in animals. Doses as low as 0.5 mg/kg nico-
tine per day injected during pregnancy, caused selective deficits in 
learning an avoidance response in 2-month old male rats [36]. The 
cognitive effects after nicotine exposure in utero also seem to 
stretch into adulthood. Attention and memory deficits in perform-
ance on various maze tasks were seen in adult offspring of nicotine-
treated rats and mice (1.5–6.0 mg/kg nicotine daily) [71,126,141]. 
These impairments in attention, memory, and learning are also con-
sidered consistent with the cognitive deficits found in psychiatric 
disorders such as ADHD. 

 Not all findings are positive, however, and several studies fail 
to report neurobehavioural effects after in utero nicotine exposure 
[13,102]. This may reflect differences in experimental methodol-
ogy, but also that the cognitive effects are of a relatively small 
magnitude. In addition, it emphasises the great difficulty in per-
forming behavioural studies with the high demands put on the ex-
perimental conditions. Understanding the neuropharmacological 

mechanisms of action of nicotine is essential for understanding the 
behavioural consequences of prenatal exposure to nicotine. 

c. Autonomic Effects and SIDS 

 The effects of prenatal nicotine exposure on autonomic function 
has been investigated in several different species (for review, see 
[46]). These indicate that the resistance to severe hypoxia or anoxia 
is impaired by prenatal nicotine exposure, most likely due to a defi-
cient sympathetic activation during hypoxic stress leading to an 
inadequate respiratory adjustment. These results also correspond 
well to results obtained in infants of smoking mothers. Whether 
these effects are primarily due to direct effects on the cardiorespira-
tory control system, or rather reflect the extensive effects on brain 
and synaptic transmission by prenatal nicotine exposure has not 
been clearly established. The profound effects of prenatal nicotine 
exposure on central and peripheral catecholaminergic pathways are 
however likely to be involved. Decreased levels of catecholamine 
synthesizing enzymes in the brain and adrenals [137] and a de-
creased release of catecholamines [118] may be deleterious for an 
organism during e.g. hypoxic stress and is hypothesized to be in-
volved in the pathogenesis of SIDS. It has also been demonstrated 
that the hypoxic defence mechanisms in prenatally nicotine-
exposed lambs was not further compromised by postnatal nicotine 
exposure [48]. This indicates that the detrimental effects on this 
defence mechanism is established prenatally. 

 As with human infants, a delayed arousal during acute hypoxia 
has been found in prenatally nicotine-exposed 5-day-old lambs 
[47]. This effect was seen using a low maternal nicotine free base 
dose (0.5 mg/kg*day) resulting in an average maternal nicotine 
concentration of 7 ng/ml. 

 An appropriate response to asphyxia includes both arousal and 
autoresuscitation reflexes such as gasping, and a functional autore-
suscitory system is vital for survival during severe or prolonged 
hypoxemia. Since defective defence mechanisms are considered to 
be part of the pathogenesis of SIDS, a deficient autoresuscitation 
may also be expected in animals prenatally exposed to nicotine. 
This was examined in newborn rats using a nicotine tartrate dose of 
6 mg/kg*day in the pregnant dam. Whereas there was no effect of 
prenatal nicotine exposure on the duration of gasping in anoxia at 
an age of 5 or 6 days, the ability to repeatedly autoresuscitate after 
periods of was reduced in nicotine-exposed animals [30]. The same 
group also determined the threshold level of maternal nicotine tar-
trate that could impair protective responses, and found that 3 or 6 
mg/kg/day impaired the ability to autoresuscitate from intermittent 
hypoxia-induced primary apnea but a dose of 1.5 mg/kg/day had no 
effect [31]. This may be part of the underlying mechanism resulting 
in increased mortality seen among nicotine-exposed rat and mouse 
pups during severe hypoxia [120,137]. 

 The response to hypoxia also appears to be partially regulated 
by a nAChRs. In newborn transgenic mouse pups lacking 2-
containing nAChRs, deficits usually associated with maternal to-
bacco and nicotine use, i.e. growth restriction, unstable breathing, 
and impaired arousal and catecholamine biosynthesis were demon-
strated [19]. This indicates that the underlying mechanisms of nico-
tine's detrimental side effects on a range of crucial defensive re-
flexes involve loss of function of nAChR subtypes, possibly via

activity-dependent desensitization. 

d. Limitations of Animal Models 

 Although the detrimental effects of prenatal exposure to to-
bacco smoke have been demonstrated in a large number of epide-
miological studies, determining the underlying biological mecha-
nisms for this association has proven difficult. This is partly caused 
by the lack of relevant physiological and pharmacological models 
in which this may be studied, as the human situation contains nu-
merous confounding factors that are sometimes hard to control. To 
establish a relevant animal model, simulating maternal smoking, 
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some investigators have performed studies in which the pregnant 
dams were exposed to environmental tobacco smoke. Although this 
experimental set-up resembles the human situation, results may be 
affected by the fact that the animals are likely to be stressed by the 
smoke complicating interpretation [61,124]. It is in this aspect simi-
lar to other previous attempts of providing nicotine during gestation 
such as via subcutaneous injections. Similarly, administration of 
nicotine via water or food has complications as it leads to dehydra-
tion or anorexia of the pregnant mothers. 

 Instead, most animal models to date have employed nicotine as 
a substitute for tobacco smoke, usually as a continuous infusion 
from an osmotic pump [73,87,91,93,123,137]. Although this en-
ables comparison of total levels of nicotine, this mode of admini-
stration does not fully resemble the normal peaks of plasma nico-
tine levels seen in smokers [10,57]. It does, however, eliminate the 
hemodynamic stress on the developing fetus that the previously 
used injections of nicotine caused [62,119,122]. Osmotic pumps 
deliver a constant amount of nicotine, thereby more resembling the 
delivery mode seen in women using nicotine patches or oral snuff 
than smoking. In most studies, the administered doses range from 1 
to 6 mg /kg*day of nicotine bitartrate, calculated for the initial 
weight of the dam. However, it is sometimes unclear in study pro-
tocols if the dose given is indeed nicotine bitartrate or free base 
nicotine, which constitutes 35% of the nicotine bitartrate dose. The 
commonly used dose of approximately 6 mg/kg*day nicotine bitar-
trate, corresponding to 2.1 mg/kg/day free base nicotine, achieves 
maternal mean nicotine blood levels of approximate 35 ng/ml. To 
set this in the human perspective, it has been demonstrated that a 
dose of 1.5 mg/kg per day produces a plasma nicotine concentration 
in rats similar to that of humans who smoke about 20 cigarettes per 
day [87]. Comparison however requires many factors to be taken 
into account, e.g. the increased nicotine metabolism and differences 
in receptor levels between species. The plasma half-life of nicotine 
in the mouse is 5–7 min and in the rat about 54 min. Therefore, 
higher doses may be required to elicit the same effects in the these 
species [106,115,117]. Also, the difference in neural maturity at 
birth across species complicates comparison. For example, cerebral 
maturity at birth in humans approximates that of a 10-day-old rat 
but this difference is not likely to be even across different brain 
areas as these develop at different times. 

6. NEURAL MECHANISMS OF NICOTINIC ACTIONS

 It has long been known that neurotransmitters during develop-
ment have trophic roles in the cellular and architectural develop-
ment of the central nervous system [17]. Therefore, activation of 
neurotransmitter receptors during development may induce effects 
others than those seen in a mature nervous system, e.g. promotion 
of neural cell replication and differentiation, induction (or preven-
tion) of apoptosis, and affect neuronal migration in the brain. Is also 
follows from this that biological compounds that interfere with 
these developmental roles may interfere with the formation of the 
nervous system, a process that occurs well beyond the time of birth. 
As acetylcholine acts as a trophic factor in brain development, nico-
tine from maternal smoking may be expected to interfere with neu-
rotransmitter function and evoke neurodevelopmental abnormalities 
by disrupting the timing or intensity of neurotrophic actions. Such 
disruption may be expected to have long-term consequences [91]. 

 As mentioned above, findings from human smoker do not obli-
gate an underlying cholinergic mechanism, as cigarette smoke con-
tains thousands of bioactive compounds. Therefore, animal models 
will help our understanding on the specific role of nicotine needs in 
this process. 

a. Nicotinic Receptors During Development 

 Our knowledge about the structure and function of nAChRs 
comes primarily from studies in animals (mainly rodents and 
chicks). There are, however, differences between species where not 

all subunits are expressed in mammals and the developmental 
course of nAChRs differs across species. Generalization to humans 
of findings in animals thus needs to be done with caution.  

 The importance of nAChRs and of nicotinic signaling in neural 
development is reflected in the variation in the distribution in the 
brain with the developmental stage and age. Studies in human fe-
tuses have shown that mRNA expression of subunits 3-5, 7 and 

2-4 of the nAChR is present in the prenatal spinal cord, medulla 
oblongata, pons, cerebellum, mesencephalon, subcortical forebrain 
and cortex during first trimester development, even as early as ges-
tational week 4-5 [51]. This suggests an important role for nAChRs 
in modulating dendritic outgrowth, establishment of neuronal con-
nections and synaptogenesis during development. Recent findings 
in rodents also indicate that the nAChRs are functional very early in 
brain development [5]. 

 It is well established that prenatal exposure to nicotine increases 
nAChR density in regions of the fetal and neonatal human [27,53] 
and rat brain (Hagino and Lee, 1985; Sershen et al. 1982; Slotkin, 
1998; Van de Kamp and Collins,1994) and that this effect may last 
beyond the neonatal period [116]. It is unclear whether this reflects 
a compensatory up-regulation that may be expected in a mature 
brain, or rather is a consequence of a disturbed cellular develop-
ment. Such a disruption may either be a direct effect on nAChRs, or 
indirect via e.g. modulation of NE and DA release which act as 
neurotrophic factors [118]. Up-regulation of nAChRs following 
prenatal nicotine exposure also occurs at low doses, insufficient to 
cause fetal growth retardation [92]. The long-term effects of nAChR 
up-regulation in the fetal brain are however difficult to elucidate, as 
numeric up-regulation of nAChRs is in fact rather associated with a 
down-regulated function [77,139]. Therefore, nAChR up-regulation 
may cause an initial hypersensitivity followed by subsequent func-
tional down-regulation. This type of paradoxical effect may be part 
of the explanation for the findings in transgenic mice lacking cer-
tain nAChR subtypes that resemble animals prenatally exposed to 
nicotine [18,19,77]. 

 The hypothesis that the detrimental effects on CNS develop-
ment largely depends on activation of nAChRs is supported by 
findings that areas more dense in such receptors display the largest 
degree of cellular damage [116]. However, alterations are seen also 
in areas that are relatively sparse in nAChRs, such as the cerebel-
lum [122]. This may partly reflect that effects are also mediated by 
presynaptical activation of nAChRs and via other transmitter sys-
tems, but also emphasizes the importance of acetylcholine during 
ontogeny. 

b. Developmental Disruption 

 Acetylcholine has vital functions in virtually all phases of brain 
maturation (recently reviewed by [117]), influencing development 
as early as gastrulation [69]. This effect may well be mediated by 
nAChRs, as there are present and functional receptors in the early 
neural tube stage [5]. Later during development, acetylcholine pro-
motes the switch from replication to differentiation [116] and 
modulates synaptogenesis [91]. Direct actions of nicotine on the 
fetal brain have been shown to induce abnormalities in cell prolif-
eration and differentiation, leading to regionally specific abnormali-
ties in cell number and macromolecular content [89,119]. 

 Nicotine has also been demonstrated to in itself produce brain 
cell damage, as indicated by elevated levels of biomarkers of cell 
damage (e.g., ornithine decarboxylase activity) and decreased levels 
of DNA [123]. As a continued decrease in the number of cells was 
seen until postnatal week 2, it was interpreted as a change in the 
program for the cellular development. This is in line with the con-
cept of perinatal or developmental programming, i.e. a lifelong 
alteration in genomic expression and cellular function in response 
to events during vulnerable periods such as perinatal life [6]. Con-
cordantly, a reduction in brain weight and cortical thickness, as well 
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as a reduced cellular size lasting until postnatal day 40, was seen in 
rats prenatally exposed to nicotine [107]. Findings of increased 
levels of the primary response gene c-fos in brain regions of ani-
mals prenatally exposed to nicotine suggests involvement in the 
regulation of apoptosis [118]. The constitutive activation of genes 
associated with apoptosis also coincides with the period of maximal 
cell loss [116]. Interestingly, the gross dysmorphology in the brain 
caused by nicotine exposure, is partly overcome even when nicotine 
administration continues through parturition, leading to a relatively 
normal brain morphology when examined later on in adolescence or 
adulthood [108]. However, because the normalization of DNA con-
tent occurs during gliogenesis, it is likely that glial cells and not 
neural cells replaced missing cells. This nicotine-induced apoptosis 
in the developing brain thereby contrasts to the proposed neuropro-
tective effect in the mature brain [60,63] emphasizing the impor-
tance in considering the developmental context. The involvement of 
acetylcholine and nicotine in regulating neuronal apoptosis also 
extends the dependence upon trophic responses to acetylcholine 
into the relatively late phases of brain development including in-
fancy and adolescence [8]. This may be especially crucial for the 
central cholinergic pathways that control learning and memory 
[79,88]. 

c. Effects on Other Neurotransmitter Systems 

 In addition to giving rise to structural changes, nicotine also 
alters neurotransmitter release, presumably via a presynaptic nAChR 
modulatory effect. Studies of brain slice preparations have indicated 
an enhanced presynaptic release of ACh, dopamine (DA), nora-
drenaline, 5-HT, g-aminobu-tyric acid, and glutamate [35,140]. 
Also post-synaptically, prenatal nicotine exposure alters receptor-
mediated signalling mechanisms, giving rise to a wide variety of 
effects [142]. The general disruption of cellular development 
caused by nicotine is also likely to contribute to altered synaptic 
function. Such synaptic hypoactivity has been demonstrated for 
catecholamines, both in the immediate postnatal period and into 
adolescence [93].  

 Prenatal nicotine also affects several neuromodulator systems, 
i.e. compounds that mainly act as modulators of synaptic transmis-
sion of other classical neurotransmitters. Such neuromodulators are 
e.g. substance P, which is well known to be involved in respiratory 
control, and galanin in central catecholaminergic pathways. Altera-
tions in these systems may lead to a decreased respiratory response 
when subjected to stress situations [136,137]. These effects of nico-
tine may be of particular interest as deficiencies in neuromodulator 
systems, in contrast to similar deficits in classical neurotransmitter 
systems, may not be detected under basal conditions. However, it 
may be of vital importance when the organism is subjected to vari-
ous types of stress and adequate responses are needed for survival. 

 Thus, the effects of nicotine on the developing nervous system 
causes disruption on multiple levels, ranging from cell damage and 
death to specific alterations of neural activity and disturbances in 
intercellular signalling mechanisms. All of these effects are likely 
contributing to the various disturbances seen after prenatal exposure 
to nicotine. 

7. CONCLUSION 

 Several authors have previously pointed out that possible haz-
ards of nicotine use during pregnancy must be placed in its context, 
i.e. that the alternative is smoking tobacco which is extremely 
harmful to both the woman and her child. In light of the limited 
amount of human data, comparison between the two has been diffi-
cult. However, in clinical praxis it has generally been viewed that 
while smokeless tobacco may not be less harmful than smoking, it 
is unlikely to be more hazardous. In this article, results from human 
and animal data are reviewed that indicate that for some parameters 
this may not be correct. Logically, nicotine replacement should be 
safer than smoking, but several animal studies indicate that the total 

dose of nicotine that the fetus is exposed to may be what really 
matters for brain development. Since conventional doses of NRT 
may be less effective in pregnancy, the higher nicotine doses 
needed may exceed the threshold for alterations in brain develop-
ment and cause fetal harm. Similarly, longer acting nicotine re-
placement products leading to higher doses of total nicotine may 
thereby be more likely to contribute to these effects. Evidence from 
animal experiments indeed support this hypothesis, indicating post-
natal behavioral and cognitive deficits in animals exposed in utero 
as well as molecular alterations affecting neurotransmitter function 
and neural development. These deficits last beyond the newborn 
period and at least into adolescence, thus representing a form of 
perinatal programming. 

 Knowledge about the possible adverse effects of prenatal nico-
tine exposure in humans is to date limited because use of smokeless 
tobacco is relatively uncommon in pregnant women, at least in the 
industrialized world. The few studies that exist on the subject are in 
most cases compromised by a lack of prospective recordings of the 
amount and timing of nicotine exposure during pregnancy. Also, 
the lack of objective measures of nicotine exposure (in e.g. urine or 
hair) decreases the validity of the studies. Furthermore, the numer-
ous confounding environmental variables are problematic in inter-
preting results. Prospective studies of the effects of smokeless to-
bacco during pregnancy will provide new insight and increase our 
knowledge concerning the etiology of the well documented effects 
of smoking during pregnancy, as well as the existence of certain 
vulnerability periods. At present, the common conception that NRT 
is a better alternative than smoking during pregnancy may lead to 
an increased use of smokeless tobacco in both industrialized and 
developing countries. As recent findings indicate that functional 
nAChRs are present very early in neuronal development, and that 
activation at this stage leads to apoptosis and mitotic abnormalities, 
a total abstinence from all forms of nicotine should be advised to 
pregnant women for the entirety of gestation. In clinical praxis, this 
also highlights the importance of counseling and support in assist-
ing pregnant women in altering their behavior. 

ACKNOWLEDGEMENTS 

 This study was supported by the Swedish Medical Research
Council, Jeanssonska Stiftelsen, Sällskapet Barnavård, Stiftelsen 
Samariten and the Sven Jerring Foundation. 

REFERENCES

[1] The health benefits of smoking cessation: a report of the Surgeon General. 

United States Department of Health and Human Services. 1990. 
[2] Office on Smoking and Health. USDHHS. Women and Smoking. A report of 

the Surgeon General. Center for Disease Control and Prevention, National 

Center for Chronic disease Prevention and Health Promotion. Atlanta, 2001. 
[3] Abel, E.L. (1984) Smoking and pregnancy. J. Psychoactive Drugs, 16, 327-

38. 

[4] Ajarem, J.S., Ahmad, M. (1998) Prenatal nicotine exposure modifies behav-
ior of mice through early development. Pharmacol. Biochem. Behav., 59,
313-8. 

[5] Atluri, P., Fleck, M.W., Shen, Q., Mah, S.J., Stadfelt, D., Barnes, W., 
Goderie, S.K., Temple, S., Schneider, A.S. (2001) Functional nicotinic ace-
tylcholine receptor expression in stem and progenitor cells of the early em-

bryonic mouse cerebral cortex. Dev. Biol., 240, 143-56. 
[6] Barker, D.J., Gluckman, P.D., Robinson, J.S. (1995) Conference report: fetal 

origins of adult disease-report of the First International Study Group, Syd-

ney, 29-30 October 1994. Placenta, 16, 317-20. 
[7] Bauman, K.E., Flewelling, R.L., LaPrelle, J. (1991) Parental cigarette smok-

ing and cognitive performance of children. Health Psychol., 10, 282-8. 

[8] Bayer, S.A. (1983) 3H-thymidine-radiographic studies of neurogenesis in the 
rat olfactory bulb. Exp. Brain Res., 50, 329-40. 

[9] Benowitz, N.L. (1995) Nicotine patches. BMJ, 310, 1409-10. 

[10] Benowitz, N.L., Kuyt, F., Jacob, P. 3rd. (1982) Circadian blood nicotine 
concentrations during cigarette smoking. Clin. Pharmacol. Ther., 32, 758-64. 

[11] Benowitz, N.L., Lake, T., Keller, K.H., Lee, B.L. (1987) Prolonged absorp-

tion with development of tolerance to toxic effects after cutaneous exposure 
to nicotine. Clin. Pharmacol. Ther., 42, 119-20. 

[12] Benowitz, N.L., Porchet, H., Sheiner, L., Jacob, P. 3rd. (1988) Nicotine 

absorption and cardiovascular effects with smokeless tobacco use: compari-
son with cigarettes and nicotine gum. Clin. Pharmacol. Ther., 44, 23-8. 



220    Current Neuropharmacology, 2007, Vol. 5, No. 3 R. Wickström 

[13] Bertolini, A., Bernardi, M., Genedani, S. (1982) Effects of prenatal exposure 
to cigarette smoke and nicotine on pregnancy, offspring development and 
avoidance behavior in rats. Neurobehav. Toxicol. Teratol., 4, 545-8. 

[14] Breslau, N., DelDotto, J.E., Brown, G.G., Kumar, S., Ezhuthachan, S., Huf-
nagle, K.G., Peterson, E.L. (1994) A gradient relationship between low birth 
weight and IQ at age 6 years. Arch. Pediatr. Adolesc. Med., 148, 377-83. 

[15] Burguet, A., Kaminski, M., Abraham-Lerat, L., Schaal, J.P., Cambonie, G., 
Fresson, J., Grandjean, H., Truffert, P., Marpeau, L., Voyer, M., Roze, J.C., 
Treisser, A., Larroque, B. (2004) The complex relationship between smoking 

in pregnancy and very preterm delivery. Results of the Epipage study. BJOG,
111, 258-65. 

[16] Butler, N.R., Goldstein, H., Ross, E.M. (1972) Cigarette smoking in preg-

nancy: its influence on birth weight and perinatal mortality. Br. Med. J., 2,
127-30. 

[17] Buznikov, G.A., Chudakova, I.V., Zvezdina, N.D. (1964) The role of neuro-

humours in early embryogenesis. I. Serotonin content of developing embryos 
of sea urchin and loach. J. Embryol. Exp. Morphol., 12, 563-73. 

[18] Cohen, G., Han, Z.Y., Grailhe, R., Gallego, J., Gaultier, C., Changeux, J.P., 

Lagercrantz, H. (2002) beta 2 nicotinic acetylcholine receptor subunit modu-
lates protective responses to stress: A receptor basis for sleep-disordered 
breathing after nicotine exposure. Proc. Natl. Acad. Sci. USA, 99, 13272-7. 

[19] Cohen, G., Roux, J.C., Grailhe, R., Malcolm, G., Changeux, J.P., Lager-
crantz, H. (2005) Perinatal exposure to nicotine causes deficits associated 
with a loss of nicotinic receptor function. Proc. Natl. Acad. Sci. USA, 102,

3817-21. 
[20] Coleman, T., Britton, J., Thornton, J. (2004) Nicotine replacement therapy in 

pregnancy. BMJ, 328, 965-6. 

[21] Dahlstrom, A., Lundell, B., Curvall, M., Thapper, L. (1990) Nicotine and 
cotinine concentrations in the nursing mother and her infant. Acta Paediatr. 

Scand., 79, 142-7. 

[22] Dempsey, D., Jacob, P. 3rd, Benowitz, N.L. (2002). Accelerated metabolism 
of nicotine and cotinine in pregnant smokers. J. Pharmacol. Exp. Ther., 301,
594-8. 

[23] Dempsey, D.A., Benowitz, N.L. (2001) Risks and benefits of nicotine to aid 
smoking cessation in pregnancy. Drug Saf., 24, 277-322. 

[24] DiFranza, J.R., Lew, R.A. (1995) Effect of maternal cigarette smoking on 

pregnancy complications and sudden infant death syndrome. J. Fam. Pract.,
40, 385-94. 

[25] England, L.J., Levine, R.J., Mills, J.L., Klebanoff, M.A., Yu, K.F., Cnat-

tingius, S. (2003) Adverse pregnancy outcomes in snuff users. Am. J. Obstet. 

Gynecol., 189, 939-43. 
[26] Ernst, M., Moolchan, E.T., Robinson, M.L. (2001) Behavioral and neural 

consequences of prenatal exposure to nicotine. J. Am. Acad. Child Adolesc. 

Psychiatry, 40, 630-41. 
[27] Falk, L., Nordberg, A., Seiger, A., Kjaeldgaard, A., Hellstrom-Lindahl, E. 

(2005) Smoking during early pregnancy affects the expression pattern of 
both nicotinic and muscarinic acetylcholine receptors in human first trimester 
brainstem and cerebellum. Neuroscience, 132, 389-97. 

[28] Fant, R.V., Henningfield, J.E., Nelson, R.A., Pickworth, W.B. (1999) Phar-
macokinetics and pharmacodynamics of moist snuff in humans. Tob. Con-

trol, 8, 387-92. 

[29] Fant, R.V., Henningfield, J.E., Shiffman, S., Strahs, K.R., Reitberg, D.P. 
(2000) A pharmacokinetic crossover study to compare the absorption charac-
teristics of three transdermal nicotine patches. Pharmacol. Biochem. Behav.,

67, 479-82. 
[30] Fewell, J.E., Smith, F.G. (1998) Perinatal nicotine exposure impairs ability 

of newborn rats to autoresuscitate from apnea during hypoxia. J. Appl. 

Physiol., 85, 2066-74. 
[31] Fewell, J.E., Smith, F.G., Ng, V.K. (2001) Threshold levels of maternal 

nicotine impairing protective responses of newborn rats to intermittent hy-

poxia. J. Appl. Physiol., 90, 1968-76. 
[32] Franco, P., Chabanski, S., Szliwowski, H., Dramaix, M., Kahn, A. (2000) 

Influence of maternal smoking on autonomic nervous system in healthy in-

fants. Pediatr. Res., 47, 215-220. 
[33] Fried, P.A., O'Connell, C.M., Watkinson, B. (1992) 60- and 72-month fol-

low-up of children prenatally exposed to marijuana, cigarettes, and alcohol: 

cognitive and language assessment. J. Dev. Behav. Pediatr., 13, 383-91. 
[34] Fung, Y.K. (1988) Postnatal behavioural effects of maternal nicotine expo-

sure in rats. J. Pharm. Pharmacol., 40, 870-2. 

[35] Gauda, E.B., Cooper, R., Akins, P.K., Wu, G. (2001) Prenatal nicotine af-
fects catecholamine gene expression in newborn rat carotid body and petrosal 
ganglion. J. Appl. Physiol., 91, 2157-65. 

[36] Genedani, S., Bernardi, M., Bertolini, A. (1983) Sex-linked differences in 
avoidance learning in the offspring of rats treated with nicotine during preg-
nancy. Psychopharmacology (Berl.), 80, 93-5. 

[37] Godding, V., Bonnier, C., Fiasse, L., Michel, M., Longueville, E., Lebecque, 
P. (2004) Does in utero exposure to heavy maternal smoking induce nicotine 
withdrawal symptoms in neonates? Pediatr. Res., 55(4), 645-1. 

[38] Gori, G.B., Benowitz, N.L., Lynch, C.J. (1986) Mouth versus deep airways 
absorption of nicotine in cigarette smokers. Pharmacol. Biochem. Behav., 25,
1181-4. 

[39] Gourlay, S.G., Benowitz, N.L. (1997) Arteriovenous differences in plasma 
concentration of nicotine and catecholamines and related cardiovascular ef-

fects after smoking, nicotine nasal spray, and intravenous nicotine. Clin. 

Pharmacol. Ther., 62, 453-63. 
[40] Gupta, P. (1992) Smokeless tobacco use in India. Smokeless Tobacco or 

Health: An International Perspective., Bethesda, MD: US Department of 
Health and Human Services, Public Health Service, National Institutes of 
Health, pp. 19-25. 

[41] Gupta, P. (1996) Socio-demographic characteristics of tobacco use among 
99,598 individuals in Bombay, India using hand-held computers. Tob. Con-

trol, 5, 114-120.

[42] Gupta, P.C., Sreevidya, S. (2004) Smokeless tobacco use, birth weight, and 
gestational age: population based, prospective cohort study of 1217 women 
in Mumbai, India. BMJ, 328, 1538. 

[43] Gupta, P.C., Subramoney, S. (2006) Smokeless tobacco use and risk of 
stillbirth: a cohort study in Mumbai, India. Epidemiology, 17, 47-51. 

[44] Gupta, R. (2006) Smoking, educational status and health inequity in India. 

Indian J. Med. Res., 124, 15-22. 
[45] Habek, D., Habek, J.C., Ivanisevic, M., Djelmis, J. (2002) Fetal tobacco 

syndrome and perinatal outcome. Fetal Diagn. Ther., 17, 367-71. 

[46] Hafstrom, O., Milerad, J., Sandberg, K.L., Sundell, H.W. (2005) Cardiorespi-
ratory effects of nicotine exposure during development. Respir. Physiol. 

Neurobiol., 149, 325-41. 

[47] Hafstrom, O., Milerad, J., Sundell, H.W. (2002) Prenatal nicotine exposure 
blunts the cardiorespiratory response to hypoxia in lambs. Am. J. Respir. 

Crit. Care Med., 166, 1544-9. 

[48] Hafstrom, O., Milerad, J., Sundell, H.W. (2004) Postnatal nicotine exposure 
does not further compromise hypoxia defense mechanisms in prenatally 
nicotine-exposed lambs. Acta Paediatr., 93, 545-51. 

[49] Hebel, J.R., Fox, N.L., Sexton, M. (1988) Dose-response of birth weight to 
various measures of maternal smoking during pregnancy. J. Clin. Epidemiol.,
41, 483-9. 

[50] Heegard, H., Kjaergaard, H., Moller, L., Wachmann, H., Ottesen, B. (2003) 
Multimodal intervention raises smoking cessation rate during pregnancy. 
Acta Obstet. Gynecol. Scand., 82, 813-819. 

[51] Hellstrom-Lindahl, E., Gorbounova, O., Seiger, A., Mousavi, M., Nordberg, 
A. (1998) Regional distribution of nicotinic receptors during prenatal devel-
opment of human brain and spinal cord. Brain Res. Dev. Brain Res., 108,

147-60. 
[52] Hellstrom-Lindahl, E., Nordberg, A. (2002) Smoking during pregnancy: a 

way to transfer the addiction to the next generation? Respiration, 69, 289-93. 

[53] Hellstrom-Lindahl, E., Seiger, A., Kjaeldgaard, A., Nordberg, A. (2001) 
Nicotine-induced alterations in the expression of nicotinic receptors in pri-
mary cultures from human prenatal brain. Neuroscience, 105, 527-34. 

[54] Hiley, C., Morley, CJ. (1994) Evaluation of government's campaign to re-
duce risk of cot death. Br. Med. J., 309, 703-712. 

[55] Horne, R., Franco, P., Adamson, T., Groswasser, J., Kahn, A. (2004) Influ-

ences of maternal cigarette smoking on infant arousability. Early Hum. Dev.,
79, 49-58. 

[56] Horwood, L.J., Mogridge, N., Darlow, B.A. (1998) Cognitive, educational, 

and behavioural outcomes at 7 to 8 years in a national very low birthweight 
cohort. Arch. Dis. Child. Fetal Neonatal Ed., 79, F12-20. 

[57] Hukkanen, J., Jacob, P. 3rd, Benowitz, N.L. (2005) Metabolism and disposi-

tion kinetics of nicotine. Pharmacol. Rev., 57, 79-115. 
[58] Idris, A.M., Ibrahim, S.O., Vasstrand, E.N., Johannessen, A.C., Lillehaug, 

J.R., Magnusson, B., Wallstrom, M., Hirsch, J.M., Nilsen, R. (1998) The 

Swedish snus and the Sudanese toombak: are they different? Oral Oncol., 34,
558-66. 

[59] Jacob, P., 3rd, Yu, L., Shulgin, A.T., Benowitz, N.L. (1999) Minor tobacco 

alkaloids as biomarkers for tobacco use: comparison of users of cigarettes, 
smokeless tobacco, cigars, and pipes. Am. J. Public Health, 89, 731-6. 

[60] Janson, A.M., Fuxe, K., Agnati, L.F., Kitayama, I., Harfstrand, A., Andersson, 

K., Goldstein, M. (1988) Chronic nicotine treatment counteracts the disappear-
ance of tyrosine-hydroxylase-immunoreactive nerve cell bodies, dendrites and 
terminals in the mesostriatal dopamine system of the male rat after partial hemi-

transection. Brain Res., 455, 332-45. 
[61] Joad, J.P., Bric, J.M., Peake, J.L., Pinkerton, K.E. (1999) Perinatal exposure 

to aged and diluted sidestream cigarette smoke produces airway hyperre-

sponsiveness in older rats. Toxicol. Appl. Pharmacol., 155, 253-60. 
[62] Jonsson, G., Hallman, H. (1980) Effects of neonatal nicotine administration 

on the postnatal development of central noradrenaline neurons. Acta Physiol. 

Scand. Suppl., 479, 25-6. 
[63] Kaneko, S., Maeda, T., Kume, T., Kochiyama, H., Akaike, A., Shimohama, 

S., Kimura, J. (1997) Nicotine protects cultured cortical neurons against glu-

tamate-induced cytotoxicity via alpha7-neuronal receptors and neuronal CNS 
receptors. Brain Res., 765, 135-40. 

[64] Kinney, H.C., Filiano, J.J., White, W.F. (2001) Medullary serotonergic 

network deficiency in the sudden infant death syndrome: review of a 15-year 
study of a single dataset. J. Neuropathol. Exp. Neurol., 60, 228-47. 

[65] Kirschbaum, T.H., Dilts, P.V., Jr., Brinkman, C.R. 3rd. (1970) Some acute 

effects of smoking in sheep and their fetuses. Obstet. Gynecol., 35, 527-36. 
[66] Kleinman, J.C., Pierre, M.B., Jr., Madans, J.H., Land, G.H., Schramm, W.F. 

(1988) The effects of maternal smoking on fetal and infant mortality. Am. J. 

Epidemiol., 127, 274-82. 
[67] Krishna, K. (1978) Tobacco chewing in pregnancy. Br. J. Obstet. Gynaecol.,

85, 726-8. 



Effects of Nicotine During Pregnancy Current Neuropharmacology, 2007, Vol. 5, No. 3    221

[68] Kvale, K., Glysch, R.L., Gothard, M., Aakko, E., Remington, P. (2000) 
Trends in smoking during pregnancy, Wisconsin 1990 to 1996. WMJ, 99, 63-
7. 

[69] Lauder, J.M., Schambra, U.B. (1999) Morphogenetic roles of acetylcholine. 
Environ. Health Perspect., 107(Suppl. 1), 65-9. 

[70] Law, K.L., Stroud, L.R., LaGasse, L.L., Niaura, R., Liu, J., Lester, B.M. 

(2003) Smoking during pregnancy and newborn neurobehavior. Pediatrics,
111, 1318-23. 

[71] Levin, E.D., Briggs, S.J., Christopher, N.C., Rose, J.E. (1993) Prenatal 

nicotine exposure and cognitive performance in rats. Neurotoxicol. Teratol.,
15, 251-60. 

[72] Lewis, K., Bosque, E. (1995) Deficient hypoxia awakening response in 

infants of smoking mothers:possible relationship to sudden infant death syn-
drome. J. Pediatr., 127(5). 

[73] Lichtensteiger, W., Ribary, U., Schlumpf, M., Odermatt, B., Widmer, H.R. 

(1988) Prenatal adverse effects of nicotine on the developing brain. Prog. 

Brain Res., 73, 137-57. 
[74] Luck, W., Nau, H. (1985) Nicotine and cotinine concentrations in serum and 

urine of infants exposed via passive smoking or milk from smoking mothers. 
J. Pediatr., 107, 816-20. 

[75] Luck, W., Nau, H., Hansen, R., Steldinger, R. (1985) Extent of nicotine and 

cotinine transfer to the human fetus, placenta and amniotic fluid of smoking 
mothers. Dev. Pharmacol. Ther., 8, 384-95. 

[76] Lumley, J. (1987) Stopping smoking. Br. J. Obstet. Gynaecol., 94, 289-92. 

[77] Marks, M.J., Grady, S.R., Collins, A.C. (1993) Downregulation of nicotinic 
receptor function after chronic nicotine infusion. J. Pharmacol. Exp. Ther.,
266, 1268-76. 

[78] Mattar, F., Sibai, B.M. (1999) Prevention of preeclampsia. Semin. Perinatol., 

23, 58-64. 
[79] Matthews, D.A., Nadler, J.V., Lynch, G.S., Cotman, C.W. (1974) Develop-

ment of cholinergic innervation in the hippocampal formation of the rat. I. 
Histochemical demonstration of acetylcholinesterase activity. Dev. Biol., 36,
130-41. 

[80] McFarland, B.J., Seidler, F.J., Slotkin, T.A. (1991) Inhibition of DNA syn-
thesis in neonatal rat brain regions caused by acute nicotine administration. 
Brain Res. Dev. Brain Res., 58, 223-9. 

[81] McNabb, M.E., Ebert, R.V., McCusker, K. (1982) Plasma nicotine levels 
produced by chewing nicotine gum. JAMA, 248, 865-8. 

[82] Mehta, A., Shukla, S. (1990) Tobacco and pregnancy. J. Obstet. Gynecol. 

India, 40, 156-60. 
[83] Milberger, S., Biederman, J., Faraone, S.V., Jones, J. (1998) Further evi-

dence of an association between maternal smoking during pregnancy and at-

tention deficit hyperactivity disorder: findings from a high-risk sample of 
siblings. J. Clin. Child Psychol., 27, 352-8. 

[84] Milerad, J., Sundell, H. (1993) Nicotine exposure and the risk of SIDS. Acta 

Paediatr. Suppl., 82(Suppl. 389), 70-2. 
[85] Molyneux, A., Kralikova, E., Himmerova, V. (2004) ABC of smoking cessa-

tion. Nicotine replacement therapy. Cas Lek Cesk, 143, 781-3. 

[86] Monheit, A.G., VanVunakis, H., Key, T.C., Resnik, R. (1983) Maternal and 
fetal cardiovascular effects of nicotine infusion in pregnant sheep. Am. J. Ob-

stet. Gynecol., 145, 290-6. 

[87] Murrin, L.C., Ferrer, J.R., Zeng, W.Y., Haley, N.J. (1987) Nicotine admini-
stration to rats: methodological considerations. Life Sci., 40, 1699-708. 

[88] Nadler, J.V., Matthews, D.A., Cotman, C.W., Lynch, G.S. (1974) Develop-

ment of cholinergic innervation in the hippocampal formation of the rat. II. 
Quantitative changes in choline acetyltransferase and acetylcholinesterase 
activities. Dev. Biol., 36, 142-54. 

[89] Nasrat, H.A., Al-Hachim, G.M., Mahmood, F.A. (1986). Perinatal effects of 
nicotine. Biol. Neonate, 49, 8-14. 

[90] Navarro, H.A., Mills, E., Seidler, F.J., Baker, F.E., Lappi, S.E., Tayyeb, M.I., 

Spencer, J.R., Slotkin, T.A. (1990) Prenatal nicotine exposure impairs beta-
adrenergic function: persistent chronotropic subsensitivity despite recovery 
from deficits in receptor binding. Brain Res. Bull., 25, 233-7. 

[91] Navarro, H.A., Seidler, F.J., Eylers, J.P., Baker, F.E., Dobbins, S.S., Lappi, 
S.E., Slotkin, T.A. (1989) Effects of prenatal nicotine exposure on develop-
ment of central and peripheral cholinergic neurotransmitter systems. Evi-

dence for cholinergic trophic influences in developing brain. J. Pharmacol. 

Exp. Ther., 251, 894-900. 
[92] Navarro, H.A., Seidler, F.J., Schwartz, R.D., Baker, F.E., Dobbins, S.S., 

Slotkin, T.A. (1989) Prenatal exposure to nicotine impairs nervous system 
development at a dose which does not affect viability or growth. Brain Res. 

Bull., 23, 187-92. 

[93] Navarro, H.A., Seidler, F.J., Whitmore, W.L., Slotkin, T.A. (1988) Prenatal 
exposure to nicotine via maternal infusions: effects on development of 
catecholamine systems. J. Pharmacol. Exp. Ther., 244, 940-4. 

[94] Nelson, E.A., Taylor, B.J. (2001) International Child Care Practices Study: 
infant sleep position and parental smoking. Early Hum. Dev., 64, 7-20. 

[95] Olsen, J., Czeizel, A., Sorensen, H.T., Nielsen, G.L., de Jong van den Berg, 

L.T., Irgens, L.M., Olesen, C., Pedersen, L., Larsen, H., Lie, R.T., de Vries, 
C.S., Bergman, U. (2002) How do we best detect toxic effects of drugs taken 
during pregnancy? A EuroMap paper. Drug Saf., 25, 21-32. 

[96] Oncken, C.A., Hardardottir, H., Hatsukami, D.K., Lupo, V.R., Rodis, J.F., 
Smeltzer, J.S. (1997) Effects of transdermal nicotine or smoking on nicotine 

concentrations and maternal-fetal hemodynamics. Obstet. Gynecol., 90, 569-
74. 

[97] Oncken, C.A., Pbert, L., Ockene, J.K., Zapka, J., Stoddard, A. (2000) Nico-

tine replacement prescription practices of obstetric and pediatric clinicians. 
Obstet. Gynecol., 96, 261-5. 

[98] Owen, L., Penn, G. (1999) Smoking and pregnancy: A survey of knowledge 

attitudes and behaviour, 1992-1999. Health Development Agency, London. 
[99] Pastrakuljic, A., Schwartz, R., Simone, C., Derewlany, L.O., Knie, B., Ko-

ren, G. (1998) Transplacental transfer and biotransformation studies of nico-

tine in the human placental cotyledon perfused in vitro. Life Sci., 63, 2333-
42. 

[100] Paterson, D.S., Trachtenberg, F.L., Thompson, E.G., Belliveau, R.A., Beggs, 

A.H., Darnall, R., Chadwick, A.E., Krous, H.F., Kinney, H.C. (2006) Multi-
ple serotonergic brainstem abnormalities in sudden infant death syndrome. 
JAMA, 296, 2124-32. 

[101] Paulson, R.B., Shanfeld, J., Mullet, D., Cole, J., Paulson, J.O. (1994) Prena-
tal smokeless tobacco effects on the rat fetus. J. Craniofac .Genet. Dev. Biol., 
14, 16-25. 

[102] Paulson, R.B., Shanfeld, J., Vorhees, C.V., Sweazy, A., Gagni, S., Smith, 
A.R., Paulson, J.O. (1993) Behavioral effects of prenatally administered 
smokeless tobacco on rat offspring. Neurotoxicol. Teratol., 15, 183-92. 

[103] Pindborg, J.J., Murti, P.R., Bhonsle, R.B., Gupta, P.C. (1990) Global aspects 
of tobacco use, its implications for oral health. In H.J. Gupta PC, Murti PR 
(Ed.), Control of tobacco related cancers and other diseases, proceedings of 

an international symposium., Oxford University Press, Bombay, pp. 13-23. 
[104] Resnik, R., Brink, G.W., Wilkes, M. (1979) Catecholamine-mediated reduc-

tion in uterine blood flow after nicotine infusion in the pregnant ewe. J. Clin. 

Invest., 63, 1133-6. 
[105] Richardson, S.A., Tizabi, Y. (1994) Hyperactivity in the offspring of nico-

tine-treated rats: role of the mesolimbic and nigrostriatal dopaminergic path-

ways. Pharmacol. Biochem. Behav., 47, 331-7. 
[106] Robinson, D.M., Peebles, K.C., Kwok, H., Adams, B.M., Clarke, L.L., 

Woollard, G.A., Funk, G.D. (2002) Prenatal nicotine exposure increases ap-

noea and reduces nicotinic potentiation of hypoglossal inspiratory output in 
mice. J. Physiol., 538, 957-73. 

[107] Roy, T.S., Sabherwal, U. (1994) Effects of prenatal nicotine exposure on the 

morphogenesis of somatosensory cortex. Neurotoxicol. Teratol., 16, 411-21. 
[108] Roy, T.S., Seidler, F.J., Slotkin, T.A. (2002) Prenatal nicotine exposure 

evokes alterations of cell structure in hippocampus and somatosensory cor-

tex. J. Pharmacol. Exp. Ther., 300, 124-33. 
[109] Sarasin, A., Schlumpf, M., Muller, M., Fleischmann, I., Lauber, M., Lichten-

steiger, W. (2003) Adrenal-mediated rather than direct effects of nicotine as 

a basis of altered sex steroid synthesis in fetal and neonatal rat. Reprod. 

Toxicol., 17, 153-62. 
[110] Schneider, N.G., Olmstead, R.E., Franzon, M.A., Lunell, E. (2001) The 

nicotine inhaler: clinical pharmacokinetics and comparison with other nico-
tine treatments. Clin. Pharmacokinet., 40, 661-84. 

[111] Shiono, P.H., Klebanoff, M.A., Rhoads, G.G. (1986) Smoking and drinking 

during pregnancy. Their effects on preterm birth. JAMA, 255, 82-4. 
[112] Silagy, C., Lancaster, T., Stead, L., Mant, D., Fowler, G. (2004) Nicotine 

replacement therapy for smoking cessation. Cochrane Database Syst. Rev.,

CD000146. 
[113] Simakajornboon, N., Vlasic, V., Li, H., Sawnani, H. (2004) Effect of prenatal 

nicotine exposure on biphasic hypoxic ventilatory response and protein 

kinase C expression in caudal brain stem of developing rats. J. Appl. 

Physiol., 96, 2213-9. 
[114] Simpson, W.J. (1957) A preliminary report on cigarette smoking and the 

incidence of prematurity. Am. J. Obstet. Gynecol., 73, 807-15. 
[115] Slotkin, T. (1998) Consensus on postnatal deficits: comparability of human 

and animal findings. Ann. N. Y. Acad. Sci., 846, 153-7. 

[116] Slotkin, T.A. (1998) Fetal nicotine or cocaine exposure: which one is worse? 
J. Pharmacol. Exp. Ther., 285, 931-45. 

[117] Slotkin, T.A. (2004) Cholinergic systems in brain development and disrup-

tion by neurotoxicants: nicotine, environmental tobacco smoke, organophos-
phates. Toxicol. Appl. Pharmacol., 198, 132-51. 

[118] Slotkin, T.A., Cho, H., Whitmore, W.L. (1987) Effects of prenatal nicotine 

exposure on neuronal development: selective actions on central and periph-
eral catecholaminergic pathways. Brain Res. Bull., 18, 601-11. 

[119] Slotkin, T.A., Greer, N., Faust, J., Cho, H., Seidler, F.J. (1986) Effects of 

maternal nicotine injections on brain development in the rat: ornithine decar-
boxylase activity, nucleic acids and proteins in discrete brain regions. Brain 

Res. Bull., 17, 41-50. 

[120] Slotkin, T.A., Lappi, S.E., McCook, E.C., Lorber, B.A., Seidler, F.J. (1995) 
Loss of neonatal hypoxia tolerance after prenatal nicotine exposure: implica-
tions for sudden infant death syndrome. Brain Res. Bull., 38, 69-75. 

[121] Slotkin, T.A., Lappi, S.E., Seidler, F.J. (1993) Impact of fetal nicotine expo-
sure on development of rat brain regions: critical sensitive periods or effects 
of withdrawal? Brain Res. Bull., 31, 319-28. 

[122] Slotkin, T.A., Orband-Miller, L., Queen, K.L. (1987) Development of 
[3H]nicotine binding sites in brain regions of rats exposed to nicotine prena-
tally via maternal injections or infusions. J. Pharmacol. Exp. Ther., 242, 232-

7. 
[123] Slotkin, T.A., Orband-Miller, L., Queen, K.L., Whitmore, W.L., Seidler, F.J. 

(1987) Effects of prenatal nicotine exposure on biochemical development of 



222    Current Neuropharmacology, 2007, Vol. 5, No. 3 R. Wickström 

rat brain regions: maternal drug infusions via osmotic minipumps. J. Phar-

macol. Exp. Ther., 240, 602-11.
[124] Slotkin, T.A., Pinkerton, K.E., Auman, J.T., Qiao, D., Seidler, F.J. (2002) 

Perinatal exposure to environmental tobacco smoke upregulates nicotinic 
cholinergic receptors in monkey brain. Brain Res. Dev. Brain Res., 133, 175-
9. 

[125] Socialstyrelsen, Tobacco habits in Sweden. Swedish Medical Board, 2006. 
[126] Sorenson, C.A., Raskin, L.A., Suh, Y. (1991) The effects of prenatal nicotine 

on radial-arm maze performance in rats. Pharmacol. Biochem. Behav., 40,

991-3. 
[127] Sovik, S., Lossius, K., Walloe, L. (2001) Heart rate response to transient 

chemoreceptor stimulation in term infants is modified by exposure to mater-

nal smoking. Pediatr. Res., 49, 558-65. 
[128] Steyn, K., de Wet, T., Saloojee, Y., Nel, H., Yach, D. (2006) The influence 

of maternal cigarette smoking, snuff use and passive smoking on pregnancy 

outcomes: the Birth To Ten Study. Paediatr. Perinat. Epidemiol., 20, 90-9. 
[129] Sutherland, G., Russell, M.A., Stapleton, J., Feyerabend, C., Ferno, O. 

(1992) Nasal nicotine spray: a rapid nicotine delivery system. Psychophar-

macology (Berl.), 108, 512-8. 
[130] Taylor, H.G., Klein, N., Schatschneider, C., Hack, M. (1998) Predictors of 

early school age outcomes in very low birth weight children. J. Dev. Behav. 

Pediatr., 19, 235-43. 
[131] Thorngren-Jerneck, K., Herbst, A. (2001) Low 5-minute Apgar score: a 

population-based register study of 1 million term births. Obstet. Gynecol.,

98, 65-70. 
[132] Tilashalski, K., Rodu, B., Mayfield, C. (1994) Assessing the nicotine content 

of smokeless tobacco products. J. Am. Dent. Assoc., 125, 590-2, 594. 

[133] Wasserman, R.C., Kelleher, K.J., Bocian, A., Baker, A., Childs, G.E., Inda-
cochea, F., Stulp, C., Gardner, W.P. (1999) Identification of attentional and 
hyperactivity problems in primary care: a report from pediatric research in 

office settings and the ambulatory sentinel practice network. Pediatrics, 103,
E38. 

[134] Weissman, M.M., Warner, V., Wickramaratne, P.J., Kandel, D.B. (1999) 

Maternal smoking during pregnancy and psychopathology in offspring fol-
lowed to adulthood. J. Am. Acad. Child Adolesc. Psychiatry, 38, 892-9. 

[135] West, R., McNeill, A., Raw, M. (2000) Smoking cessation guidelines for 

health professionals: an update. Health Education Authority. Thorax, 55,
987-99. 

[136] Wickstrom, H.R., Berner, J., Holgert, H., Hokfelt, T., Lagercrantz, H. (2004) 

Hypoxic response in newborn rat is attenuated by neurokinin-1 receptor 
blockade. Respir. Physiol. Neurobiol., 140, 19-31. 

[137] Wickstrom, H.R., Mas, C., Simonneau, M., Holgert, H., Hokfelt, T., Lager-

crantz, H. (2002) Perinatal nicotine attenuates the hypoxia-induced up-
regulation of tyrosine hydroxylase and galanin mRNA in locus ceruleus of 
the newborn mouse. Pediatr. Res., 52, 763-9. 

[138] Wisborg, K., Henriksen, T.B., Jespersen, L.B., Secher, N.J. (2000) Nicotine 
patches for pregnant smokers: a randomized controlled study. Obstet. Gyne-

col., 96, 967-71. 

[139] Wonnacott, S. (1990) The paradox of nicotinic acetylcholine receptor 
upregulation by nicotine. Trends Pharmacol. Sci., 11, 216-9. 

[140] Xu, Z., Seidler, F.J., Ali, S.F., Slikker, W. Jr., Slotkin, T.A. (2001) Fetal and 

adolescent nicotine administration: effects on CNS serotonergic systems, 
Brain Res., 914, 166-78. 

[141] Yanai, J., Pick, C.G., Rogel-Fuchs, Y., Zahalka, E.A. (1992) Alterations in 

hippocampal cholinergic receptors and hippocampal behaviors after early 
exposure to nicotine. Brain Res. Bull., 29, 363-8. 

[142] Yanai, J., Vatury, O., Slotkin, T.A. (2002) Cell signaling as a target and 

underlying mechanism for neurobehavioral teratogenesis. Ann. N.Y. Acad. 

Sci., 965, 473-8. 

Received: December 06, 2006 Revised: February 06, 2007 Accepted: February 07, 2007 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


