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Abstract

Smoking during pregnancy is associated with a variety of untoward effects on the offspring.
However, recent epidemiological studies have brought into question whether the association
between neurobehavioral deficits and maternal smoking is causal. We utilized an animal model of
maternal smoking to determine the effects of prenatal cigarette smoke (CS) exposure on
neurobehavioral development. Pregnant mice were exposed to either filtered air or mainstream CS
from gestation day (GD) 4 to parturition for 4 hr/d and 5 d/wk, with each exposure producing
maternal plasma concentration of cotinine equivalent to smoking <1 pack of cigarettes per day (25
ng/ml plasma cotinine level). Pups were weaned at postnatal day (PND) 21 and behavior assessed
on at 4 weeks of age and again at 4-6 months of age. Male, but not female, offspring of CS-
exposed dams demonstrated a significant increase in locomotor activity during adolescence and
adulthood that was ameliorated by methylphenidate treatment. Additionally, male offspring
exhibited increased aggression, as evidenced by decreased latency to attack and number of attacks
in a resident intruder task. These behavioral abnormalities were accompanied by a significant
decrease in striatal and cortical dopamine and serotonin and a significant reduction in brain-
derived neurotrophic factor (BDNF) mRNA and protein. Taken in concert, these data demonstrate
that prenatal exposure to CS produces behavioral alterations in mice that are similar to those
observed in epidemiological studies linking maternal smoking to neurodevelopmental disorders
and suggest a role for monoaminergic and BDNF alterations in these effects.
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Introduction

Despite many public health programs promoting the risks of smoking while pregnant, only
25% of women who smoke quit smoking cigarettes during pregnancy. Several reports
established that maternal smoking during pregnancy adversely affects pre- and postnatal
growth and increases the risk of fetal mortality, pre-term birth, low birth weight, and altered
cognitive development (Wigle et al., 2008). Importantly, the adverse effects of maternal
smoking on neurodevelopment persist through at least the adolescent period and may extend
into adulthood (Keyes et al., 2011).

Although a large number of epidemiological studies reporting increased neurobehavioral
deficits following maternal smoking exist, recent reports questioned their validity. The most
notable regards the association between maternal smoking and attention-deficit hyperactivity
disorder (ADHD). Several groups linked maternal smoking to an increased risk of attention-
deficit hyperactivity disorder (Banerjee et al., 2007; Langley et al., 2005; Linnet et al.,
2003). In one of the first studies to directly assess the relationship between maternal
smoking and ADHD, Milberger and co-workers (Milberger et al., 1998) found a 2.7-fold
increased risk for ADHD associated with maternal smoking, a finding that has been
replicated by several groups in a variety of cohort studies (Leech et al., 1999; Linnet et al.,
2005; Obel et al., 2009; Thapar et al., 2003; Weissman et al., 1999). Using a cross-sectional
study design from the National Health and Nutrition Examination Survey, Braun and co-
workers found that pre- but not postnatal exposure to tobacco smoke led to an increased risk
of ADHD diagnosis and the authors calculated that maternal smoking led to 270,000 excess
cases of ADHD (Braun et al., 2006). This finding was confirmed even when more stringent
criteria were applied (Froehlich et al., 2009).

However, several recent papers concluded that there is no causal relationship between
maternal smoking and behavioral dysfunction, or that the effect sizes in previous studies
were over-estimated (Ball et al., 2010; Langley et al., 2012; Lindblad and Hjern, 2010; Obel
etal., 2011; Thapar et al., 2009). Rather, these studies argued that the association between
maternal smoking and these effects is likely the result of a variety of confounders including,
genetic factors, other environmental factors, and/or existing maternal psychopathology that
were not satisfactorily adjusted for in the previous studies.

To address this controversy and to gain insight into the mechanism(s) responsible for
potential neurobehavioral effects of maternal smoking, we employed a pregnant mouse
model of maternal smoking. Data demonstrate that in utero exposure to cigarette smoke
(CS; at a concentration reflective of smoking <1 pack of cigarettes/d) produces behavioral
alterations in the offspring (specifically, the males) that are similar to those observed in
epidemiological studies of maternal smoking, including hyperactivity and increased
aggression. Mechanistically, these behavioral deficits are associated with decreased
monoamine levels and brain-derived neurotrophic factor mRNA and protein. These data
provide mechanistic support for the reported link between in utero CS exposure and
behavioral deficits in the epidemiological literature.

Materials and methods

Animals

B6C3F1 male and female mice were purchased from Jackson Laboratory (Bar Harbor, ME).
These mice were chosen based on previous experiments characterizing developmental
outcomes of CS exposure (Ng et al., 2006). Mice were housed in pairs (females) or
individually (males) in polycarbonate cages (with corncob bedding) in temperature-
controlled (20°-23°C) and humidity-controlled (~55% RH) rooms. Food (purified AIN-98)
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and tap water were available ad libitum. The light/dark cycle was maintained on 12 h
intervals. Mice were acclimated for at least 1 week prior to use. For breeding, a single male
mouse was paired with two females for four days, with the 4t day of coupling designated
gestation day (GD) 4. All animal procedures were conducted under an animal protocol
approved by New York University and Robert Wood Johnson Medical School’s (RWIMS)
Institutional Animal Care and Use Committee (IACUC).

Smoke Generation

Mainstream cigarette smoke was generated from the burning of filtered 1R3F cigarettes
(Kentucky Tobacco Research & Development Center, Lexington, KY) using an automated
cigarette generation system (Baumgartner-Jaeger CSM 2070, CH Technologies [USA] Inc.,
Westwood, NJ). Reference cigarettes were stored long-term at 4°C-7°C (55% RH); 24h
prior to use, cigarettes were relocated to a humidor and stored at 20°-23°C (55% RH). The
continuous smoking machine was adjusted to load and light 4-5 cigarettes simultaneously,
each of which produced 2-s puffs of 35ml volume/puff under the control of an automatically
regulated piston pump that cycled once per minute (Ng et al., 2006). Smoke was diluted
90% prior to introduction into the exposure chamber. Filtered dilution air entered the bottom
of the generation chamber, and the output was introduced into the top of the chamber.

Cigarette Smoke Exposure

Males were removed and 2 females per cage were exposed whole-body to either mainstream
cigarette smoke (CS) or filtered air in poly-carbonate cages with wire mesh tops. Cages were
rotated among three racks in the chamber to assure even smoke distribution to all animals.
Chamber levels of carbon monoxide (CO) and total suspended particulates (TSP) were
monitored throughout the exposure. Particle samples were collected from the exposure
chambers every hour (for the entire duration of exposure) on Pallflex EMfab filters (Pall
Corporation, East Hills, NY); mean TSP levels were determined gravimetrically from filters
weighed before and after sampling. Chamber CO levels were measured continually over the
entire 4-hr exposure period suing a 48C CO analyzer (Thermo Environmental Instruments,
Inc., Franklin, MA). This exposure paradigm produces plasma cotinine levels in the dams of
approximately 25-28 ng/ml (Ng et al., 2006), equivalent to smoking 1-7 cigarettes per day,
or less than 1 pack (Peacock et al., 1998).

On GD18, dams were separated and housed individually and each mother/offspring set was
maintained in clean filtered air following parturition. Pups were weaned at 3 weeks of age
and group housed based on sex with no more than 5 mice per cage. Early behavioral
parameters (social interaction, play, and initial motor activity determinations) determined at
4 weeks of age, as described below. Following these determinations, mice were shipped to
RWJMS and allowed to acclimate for 2 months before additional behavioral testing was
conducted. All subsequent behavioral analysis and sacrifices for neurochemical
determinations were conducted during the light phase.

Social Interaction and Play Behaviors

Pups were individually housed 4-5 days prior to the social behavioral test session. Pairs of
non-sibling, same-sex and same-treatment condition pups were placed in a standard large
cage crossed by infrared beams and observed for social interactions at 4-weeks of age for
one 30 minute session and scored by two trained observers for the number of times that a
member of the pair engaged in a behavior. During testing, the behaviors observed were: ano-
genital sniffs, face sniffs, crawl-under/ over behaviors, self-grooming, fighting behaviors,
paired motor activity, and allogrooming. Allogroom behaviors are defined as one mouse
rising up on its hind legs to touch paws and snout to the other mouse to perform grooming
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motions. For more extensive information on testing conditions please refer to Yochum and
co-workers (Yochum et al., 2008).

Locomotor Activity

For studies in 4-week old mice, the activity chamber consisted of a standard large cage
crossed by infrared beams (Opto-Varimex, Columbus OH), as described previously (Sheleg
et al., 2013). The number of horizontal motor movements was calculated by infrared beam
breaks for a 30 minute session. For studies in adults, 4- month old mice were placed in
sound-attenuated boxes equipped with photobeams (Med Associates, St. Albans, VT).
Locomotor activity was quantified over 1-2 hours, with the first 30 min considered a
habituation period, and calculated over 5 min blocks and summed across the session. For
experiments with methylphenidate, mice were habituated to the open field by 4 daily 60 min
sessions. On the fifth day, mice were gavaged with saline after a 30 min habituation period
in the locomotor box, and locomotor activity monitored for an additional 60 min. On the
sixth day, mice were gavaged with methylphenidate (1 mg/kg) after the 30 min habituation
period and locomotor activity monitored for an additional 60 min. Locomotor activity was
calculated as total distance traveled in cm.

Resident Intruder Task

Residents were adult male mice (4 months old) that were individually housed two weeks
prior to testing. Intruders were age-matched adult males of the same treatment as the
resident. An intruder was introduced into the home cage of the resident for a ten min
session. The latency for the first attack, the number of attacks and which mouse attacked
(either the resident or intruder) were recorded.

HPLC Analysis

HPLC analysis was performed as described previously (Bradner et al., 2013; Schuh et al.,
2009). Briefly, samples were sonicated in 500 UL of 0.1 N perchloric acid and centrifuged at
14,000 rpm for 20 min at 4°C. The pellets were kept for protein assay and the supernatants
were filtered and an aliquot of 5 pl supernatant was injected into HPLC with electrochemical
detection (Waters, Milford, MA, USA) for neurochemical analysis of norepinephrine (NE),
dopamine (DA) and its metabolites, 3,4- dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) as well as serotonin (5-HT) and its metabolite 5-
hydroxyindoleacetic acid (5-HIAA). These components were separated on a cation exchange
column (MD-150 x 3.2 column, ESA Biosciences Inc.) using isocratic mobile phase (MD-
TM mobile phase, ESA Biosciences Inc.) containing 2.2 mM NaCl pumped at constant flow
rate of 0.5 mL/min. The compounds were quantified by electrochemical detection using a
glassy carbon working electrode (2 mm diameter) with an in situ silver reference electrode
(flow cell, 2 mm GC WE, ISAC, Waters, Milford, MA, USA).

Quantitative Real-Time PCR (qPCR)

gPCR was performed as described previously (Fortin et al., 2013). RNA from the striatum of
the offspring was isolated using the Qiagen RNEasy Lipid Tissue Mini Kit (Valencia, CA)
according to instructions by the manufacturer. RNA concentration was determined by
standard spectrophotmetric analysis and 1 pg of total RNA was used for cDNA synthesis
with the Applied Biosystems High Capacity cDNA Archive kit (Bedford, MA) according to
the manufacturer’s protocol. gPCR was performed using an ABI PRISM 7900 Sequence
Detection System (Applied Biosystems, Bedford, MA). Reactions were performed in a total
volume of 25 pl using SYBR Green Master Mix (Life Techologies, Grand Island, NY). To
normalize the amount of total MRNA present in each reaction, levels of actin were
monitored in parallel samples. The amount of target (treated sample), normalized to an
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endogenous reference (actin) and relative to the calibrator (control sample), was defined by
the Ct method. All primer sets yielded a single PCR product of expected size by agarose gel
electrophoresis. Specificity was routinely monitored by checking product melting curves
(dissociation curves) in each reaction well. The forward and reverse primer sequences for
Bdnf (NM_007540.4) were ATGTCTATGAGGGTTCGGCG and
CAGTTGGCCTTTGGATACCG, respectively. Actin sequences were described previously
(Fortin et al., 2013).

Western Blot

Western blot analysis was used to quantify the amount of tyrosine hydroxylase (TH) and
brain derived neurotrophic factor (BDNF) in samples of striatal tissue from CSexposed and
control mice as described previously (Richardson et al., 2008). Briefly, samples (5-10 pg
protein) were subjected to polyacrylamide gel electrophoresis on 4-20% precast NuPage
gels (InVitrogen, Carlsbad, CA) and transferred to a PVDF membrane. Membranes were
then incubated overnight with anti-TH (EMD Millipore, Billerica, MA). TH antibody
binding was detected using a goat anti-rabbit horseradish peroxidase secondary antibody and
enhanced chemiluminescence (Pierce Super Signal Dura West). The luminescence signal
was captured on an Alpha Innotech FluorChem E imaging system (Protein Simple, San Jose,
CA) and stored as a digital image for quantification by densitometry. Membranes were
stripped for 15 minutes at room temperature with Pierce Stripping Buffer and re-probed with
anti-BDNF (sc-33904, Santa Cruz Biotechnology, Santa Cruz, CA), then stripped and re-
probed with a-tubulin (Sigma-Aldrich, St. Louis, MO) to ensure equal protein loading
across samples. Data were calculated based on ratio of the protein of interest to tubulin
based on individual densitometric values.

Statistical Analysis

RESULTS

The litter was considered the smallest unit of analysis, with each litter representing an
independent replication (n = 6-10 litters per treatment group). No more than one pup per
litter was used for any analysis. Statistics were calculated using SPSS (Chicago, IL) or
GraphPad Prism 5.0 (La Jolla, CA). Body weight gain for dams and pups were analyzed by
repeated measures ANOVA. All other neurochemical and behavioral data were analyzed
using ANOVA or Student’s t-test where appropriate. When a significant F was determined,
post hoc comparisons were performed using Bonferroni-corrected t-tests for 2-way
ANOVA. Statistical significance is reported at p < 0.05.

General Health of Dams and Reproductive Outcomes

Out of 10 dams bred for each condition, 8/10 control dams and 10/10 CS-exposed dams
gave birth. Dam weight gain measured on gestational days (GD) 11, 15, and 19 did not
differ significantly between the control and CS exposure group (p = 0.14; Table 1).
Although there were fewer pups born to CS-exposed dams compared to control, this did not
quite reach statistical significance (p = 0.08; Table 1). This finding was likely influenced by
two litters born to CS-exposed dams that consisted of only two pups. To determine whether
maternal behavior towards her pups was altered by CS exposure, a pup retrieval task was
performed. No significant effect of treatment was found in the latency for the dam to
retrieve her pups (Table 1).

Juvenile Behavior Analysis

Locomotor Activity—To determine whether the offspring of dams exposed to CS during
gestation exhibited altered motor activity levels either in isolation or in a social
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environment, mice were monitored individually on postnatal day (PND) 30 prior to social
testing and during the social test condition. In the individual motor movement condition
there was a main effect of treatment, as CS-exposed male offspring exhibited significantly
more horizontal motor movements than air treated offspring of both sexes and female
cigarette smoke exposed offspring (Fig. 1A) [F(1,20) = 5.939, p = 0.02]. There were no
significant differences seen for either sex (2124 for males and 2591 for females) or
treatment in the paired (social) condition (data not shown).

Social Interaction and Play—As a further assessment of social behaviors in exposed
offspring, treatment matched pairs were observed for social, grooming and play behaviors in
an open field environment. There was a significant effect of CS exposure on the number of
self-grooms, with the offspring of CS-exposed mice grooming significantly more than air-
exposed mice (Fig. 1B) [F (1, 14) = 7.14, p = 0.02]. No significant effects were observed for
anogenital sniffs, face sniffs, crawl-under/over behaviors, or allogrooming (data not shown).

Adult Behavior Analysis

Locomotor Activity—In a second cohort of animals, locomotor activity of 4-month old
mice exposed to CS in utero was monitored in sound-attenuating boxes for 60 min and the
total distance traveled (cm) determined. Offspring of mice exposed to CS during gestation
had significantly increased locomotor activity [F (1, 24) = 7.95, p = 0.001] and there was a
significant treatment x sex interaction (p = 0.05). Bonferroni-corrected posthoc tests
revealed that only the male offspring of CS-exposed mice exhibited significantly increased
locomotor activity and that it was increased by 93% compared to air-exposed males (p <
0.01; Fig. 2A).

Based on the purported association of prenatal CS and ADHD in humans, we sought to
determine whether the increased locomotor activity could be ameliorated by
methylphenidate. Mice were first habituated to the open field for 4 consecutive days. There
were no differences in rate of habituation between control and CS-exposed mice (data not
shown). Following the habituation period, mice were administered saline on day 5 and their
locomotor activity monitored. The next day, mice were administered methylphenidate and
their locomotor activity monitored. There was a significant effect of CS on locomotor
activity [F (1, 24) = 6.18, p = 0.02] and also a significant CS x methylphenidate interaction
(p = 0.04). Administration of methylphenidate significantly reduced locomotor activity in
CS-exposed offspring back to the levels of air-exposed offspring (Fig. 2B).

Resident Intruder Task for Aggression—The resident intruder task was used to
measure aggression in the male offspring of mice exposed to CS during pregnancy.
Although there were clear trends for a decreased latency of CS-exposed resident mice to
attack the intruder and an increased total number of attacks, these did not quite reach
statistical significance, likely because of a relatively small number of animals performing
the task (n = 5). However, there was a significant increase in the total number of attacks by
CS-exposed mice compared to control mice (p < 0.05) (Fig. 3A, B).

Neurochemical Analysis

To determine potential mechanisms for the observed behavioral effects of the male offspring
of mice exposed to CS during pregnancy, catecholamine levels were measured in the cortex
and striatum. CS exposure caused a significant 42% decrease in striatal levels of dopamine
[DA; t=4.96, df = 13, p = 0.0003; Fig. 4A], with no significant changes observed in the
levels of the dopamine metabolites, homovanillic acid (HVA) or 3,4-dihydroxyphenylacetic
acid (DOPAC; Table 2). Levels of serotonin (5HT) in the striatum were also significantly
decreased by 46% [t = 4.21, df = 13, p = 0.001, Table 2]. Similar to that observed with DA,
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there was no significant effect on the 5SHT metabolite 5-hydroxyindoleacetic acid (5HIAA).
In the cortex, DA levels were decreased by 34%, although statistical significance was not
quite reached (p = 0.051).

To determine whether decreased dopamine levels were accompanied by decreased protein
levels of tyrosine hydroxylase (TH), the rate-limiting enzyme in DA synthesis, striatal TH
was measured by western immunoblotting. The male offspring of mice exposed to CS
during pregnancy resulted in a significant [t = 5.46, df = 4, p = 0.006] 30% decrease in TH
protein (Fig. 4B,C). There was no significant change in TH protein levels in the striatum of
female mice (Supplemental Fig. 1).

Brain-Derived Neurotrophic Factor (BDNF) Levels

Striatal BDNF mRNA was significantly decreased [t = 3.67, df = 10, p = 0.004] by 50% in
the 4-month old male offspring of mice exposed to CS during pregnancy (Fig. 5A), while
there was no significant effect in females (Fig. S2). The decreased BDNF mRNA was
accompanied by a significant [t = 5.83, df = 4, p = 0.004] 46% decrease in BDNF protein
(Fig. 5B,C). In contrast, no significant effect was observed in female offspring exposed to
CS (Fig. S2)

Discussion

Although maternal smoking has been associated with increased risk of behavioral
dysfunction, for almost 20 years, recent reports have questioned whether there is a true
causal association. This study sought to use a novel animal model of in utero exposure to
cigarette smoke (CS), at a concentration reflective of smoking <1 pack of cigarettes/day, to
determine whether behavioral alterations were observed similar to that reported in the
epidemiological studies. The data reveal that behavioral dysfunction, including hyperactivity
and increased aggression, were observed in the offspring of CS-exposed mice and were
more apparent in the males, mirroring that observed in epidemiological studies of maternal
smoking and offspring behavior. Mechanistically, our data identify alterations in
catecholamine levels and neurotrophin signaling that are likely contributors to the behavioral
dysfunction observed in mice exposed in utero to CS.

Children of mothers that smoked during pregnancy are reported to have increased risk of a
variety of neurobehavioral problems, including hyperactivity, aggression, and externalizing
behaviors (Knopik, 2009). Using a mouse model of maternal smoking, we observed that
prenatal exposure to CS causes persistent increases in locomotor activity that was observed
as early as 4 weeks of age, and persisted through 4-months of age. Prenatal CS exposure
also resulted in long-term increases in aggression, as measured in the resident intruder task.
These findings are similar to a recent report in humans that examined the long-term effects
of prenatal CS exposure that found higher scores on externalizing and aggression scales in
22-year old adults (Cornelius et al., 2012). Other investigators also reported that prenatal CS
exposure in humans increased externalizing, internalizing, and ADHD symptoms in
adolescence (Indredavik et al., 2007).

Unfortunately, there are few studies in the animal literature that explore prenatal CS
exposure and behavior. Two previous studies, one in rats (Gaworski et al., 2004) and one in
mice (Amos-Kroohs et al., 2013), exposed rodents to CS throughout gestation and lactation
and monitored behavior in the offspring. However, neither of these studies reported
increased locomotor activity in the offspring or evaluated aggression. Amos-Kroohs and co-
workers (Amos-Kroohs et al., 2013) did observe significant differences in
methamphetamine-induced locomotor behavior in the offspring of mice exposed to CS
throughout gestation and lactation and reported that these differences were sexually
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dimorphic in nature, similar to the sex differences observed in our study. The differences
between our observation of a basal increase of locomotor activity and the lack of effect in
the aforementioned studies may be due, in part, to the fact that CS exposure was extended
throughout lactation in these two studies, resulting in direct exposure of the pup to CS
smoke components.

Although CS is a complex mixture of > 4,000 chemicals, including polycyclic aromatic
hydrocarbons, nitrosamines, metals, and nicotine, all of which may cross the placenta,
nicotine is t he most commonly used surrogate for CS exposure (Bruin et al., 2010; Slikker
et al., 2005; Slotkin, 2008; Swan and Lessov-Schlaggar, 2007). An early study resported that
injection of pregnant rats with nicotine caused increased locomotor activity in PND14 of f
spring that was ameliorated by amphetamine (Fung, 1988), but this was not observed in a
follow-up study incorporating nicotine infusion (Fung and Lau, 1989). Richardson and
Tizabi (Richardson and Tizabi, 1994) reported that maternal infusion of nicotine (6 mg/kg/
day) caused an increase in locomotor activity on PND22, and Pauly and co-workers (Pauly
et al., 2004) reported that oral nicotine exposure during pregnancy caused sex-specific
hyperactivity on PND40 and 60. However, Muneoka and co-workers (Muneoka et al., 1997)
found an effect of route of administration (injection vs. infusion), but no effect of prenatal
nicotine on locomotor activity. More recently, oral exposure of pregnant rats to nicotine in
their drinking water resulted in adolescent hyperactivity in the offspring (Schneider et al.,
2012; Zhu et al., 2012). These data suggest that that prenatal nicotine exposure is likely a
primary contributor to the hyperactivity observed following prenatal CS exposure.

Prenatal nicotine elicits a variety of effects on developing brain catecholamine systems that
appears to be dependent on route of administration (Navarro et al., 1988; Oliff and Gallardo,
1999). Maternal infusion of nicotine in rats decreased striatal dopamine levels in the
offspring on PND22 (Richardson and Tizabi, 1994). However, others reported that greater
alterations in catecholamine levels and tyrosine hydroxylase activity in the cortex (Navarro
et al., 1988). Here, we found the greatest effects on dopamine levels in the striatum, which
was accompanied by a decrease in tyrosine hydroxylase protein. Muneoka and co-workers
(Muneoka et al., 1997) found that both maternal nicotine infusion and oral exposure altered
dopamine and serotonin turnover in the offspring, with no effect on norephinephrine
contents, similar to that observed in our study. However, this study did not find changes in
striatal dopamine or serotonin, as observed here. Oral exposure of mice to nicotine during
pregnancy also produced hyperactivity that was ameliorated by methylphenidate (0.75 mg/
kg by oral gavage) (Zhu et al., 2012). However, this study found a significant increase in
cortical dopamine levels, with no change in striatal levels. Of interest with our study is that
there was no significant effect of CS exposure on the neurotransmitter metabolites,
suggesting a potential targeting of biosynthetic enzymes, such as TH. This is supported by
our finding of decreased striatal TH protein in the male offspring exposed to prenatal CS.
Taken in concert, there appears to be some differences between prenatal nicotine exposure
and prenatal CS exposure with regards to catecholamine levels. These differences may be
the result of different components in CS or from the different exposure paradigms.
Alternatively, these mice were of pure C57 BL/6 background, which may also contribute to
the observed differences.

Although the epidemiological literature reported associations between maternal smoking and
aggression in children, the animal literature has not explored this relationship in detail. In
adult animals, acute nicotine administration was found to decrease aggressive behavior in a
variety of paradigms (Driscoll and Baettig, 1981; Silverman, 1971), including the resident
intruder task (Johnson et al., 2003), which is supported by a study in humans (Cherek,
1984). The data reported here appear to be the first in the published literature reporting that
prenatal exposure of an animal to CS results in increased aggression in the offspring, as
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evidenced by an increased number of attacks by CS-exposed offspring. This finding may
also be related to the alterations in dopamine and serotonin levels observed in these mice, as
decreased monoamines, including dopamine and serotonin, are associated with increased
aggression (Mosienko et al., 2012; Scholtens et al., 1990; Zagrodzka et al., 1994). Serotonin
was also specifically linked to offensive aggression (Vergnes et al., 1986), similar to that
observed here.

During the course of our studies, we noted that the behavioral and neurochemical profile of
mice prenatally exposed to CS displayed some similarity to that observed in mice deficient
in brain-derived neurotrophic factor (BDNF). BDNF plays key roles in neuronal
development and synaptic plasticity (Lu and Figurov, 1997), with hyperactivity and
increased aggression observed In BDNF heterozygous mice (Lyons et al., 1999; Monteggia
et al., 2007). In addition to these roles, BDNF app ears to exert significant effects on the
functioning of the dopamine system, as mice with reduced levels of BDNF have deficits in
dopamine release (Dluzen et al., 2002). Our data demonstrate that prenatal exposure t o CS
causes significant reductions of striatal BDNF at the mRNA and protein level. This is in
contrast to data showing increased BDNF levels following gestational exposure to nicotine
(Harrod et al., 2011), and in postnatal rats chronically exposed to nicotine during the
neonatal period (Son and Winzer-Serhan, 2009). These data suggest that CS exposure and
nicotine produce different effects on BDNF.

The decreased BDNF observed in this study have the potential to contribute to behavioral
dysfunction observed in the offspring of CS-exposed mice. Alterations of BDNF are
considered a potential contributor to a variety of neurodevelopment al disorders based on
several lines of evidence. First, elimination of BDNF during development in mice causes
alterations of neuronal structure and function that are accompanied by male-specific
hyperactivity (Monteggia et al., 2007). Likewise, mice heterozygous for BDNF, forebrain-
restricted deletion of BDNF, or conditional BDNF knockouts demonstrate increased
aggression. The effects observed here following suggest that alterations in BDNF may play
a prominent role in the behavioral effects of prenatal CS exposure and that interventions
designed to increase BDNF may ameliorate these behavioral deficits.

Conclusion

Using a novel animal model, we demonstrate for the first time that the offspring of mice
exposed to CS during gestation exhibit neurobehavioral deficits including hyperactivity and
increased aggression similar to that observed in epidemiological studies of maternal
smoking. Importantly, we identified that some of these effects mimic those observed in other
studies using prenatal exposure to nicotine. However, there were notable differences,
including the effects on aggressive behavior and BDNF levels. These data suggest that
additional focus is warranted on other components of tobacco smoke and their interaction
with nicotine. Finally, the demonstration that BDNF levels are decreased long after exposure
has ceased may provide an avenue for treatment of aberrant behaviors resulting from
prenatal exposure to CS.
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Figure 1. Prenatal Cigarette Smoke Exposure Increases L ocomotor Activity and Self-Groomsin
Juvenile Mice

Four week old, mice (n=8) were tested in a novel environment for 30 min and the number of
photobeam breaks and self-grooms recorded. Male, but not female, offspring exposed in
utero to cigarette exhibit (A) increased motor movement and (B) self-grooms. p<0.05 by 2-
way ANOVA followed by Boneferroni-corrected t-tests.
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Figure 2. Prenatal Cigarette Smoke Exposure Increases L ocomotor Activity in Adult Male Mice
that is Ameliorated by Methylphenidate

At 4 months of age, mice in (n=8) locomotor activity (total distance traveled in cm) was
measured for 30 min after a 30 min habituation period. (A) Male, but not female, offspring
exposed in utero to cigarette smoke (CS) exhibited increased locomotor activity, as
determined by total distance traveled. (B) Administration of methylphenidate (1 mg/kg) to
the CS-exposed male offspring reduced locomotor activity to control levels. N=8; p<0.05 by
2-way ANOVA followed by Boniferroni-corrected t-tests.
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Figure 3. Prenatal Cigarette Smoke Exposur e | ncreases Aggr essive Behavior

At 4 months of age, aggressive behavior was measured with the resident intruder task. (A)
Male offspring exposed in utero to cigarette smoke (CS) exhibited a slight decrease in
latency to attack that did not reach statistical significance. (B) CS-exposed male offspring
exhibited a significantly higher number of attacks. N=5; p < 0.05 by Students t-test.
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Figure 4. Prenatal Cigarette Smoke Exposure Reduces Striatal Dopamine and Tyrosine
Hydroxylase Levels

(A) Striatal dopamine, as measured by HPLC with electrochemical detection, was decreased
in 4-month old male offspring exposed in utero to cigarette smoke (CS). (B,C) Western blot
analysis of tyrosine hydroxylase (TH) revealed significantly decreased TH protein levels in
CS-exposed male offspring. n=5, p < 0.05 Students t-test.

Exp Neurol. Author manuscript; available in PMC 2015 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yochum et al.

Page 19

1.5
T
A=
< 0 I
=0 1.0+
K =
£ *
z 8
[ .
@ = 0.5
T
e
0.0 T
Control Smoke
B . iy S WD i W — = =

1 2 3 4 5 1 2 24 5
Control Cizarette Smoke

= T 100{ ——
= £
¢ 2
.‘EU
S S 504
= o
(2
0

Control Smolke

~={ EDIF (14 kDa)

— -Tubulin (50 kDa)

Figure5. Prenatal Cigarette Smoke Exposure Reduces Striatal Brain-Derived Neurotrophic

Factor (BDNF) mRNA and Protien

(A) Striatal BDNFMRNA, as measured by QPCR, was decreased in 4-month old male,
offspring exposed in utero to cigarette smoke (CS). (B,C) Western blot analysis of BDNF
revealed significantly decreased BDNF protien levels in CS-exposed male offspring. p <

0.05 by Students t-test.
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Effects of Mainstream Cigarette Smoke Exposure on Gestational Parameters and Maternal Behavior

Table 1

No. of Litters
Pups per Litter
Pup Retrieval (sec)

Dam weight gain (g) (cumulative GD11-19) 1550+ 0.91 14.60 + 1.40

Cigarette
Control Smoke
8 10

8.25+0.70 6.10 +0.86
31.71+£3.29 34.40+3.72

Data represent mean and standard error.
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Effects of in Utero Cigarette Smoke Exposure on Catecholamine Levels in Adult Male Mice.

Table 2

Striatum
DA
HVA
DOPAC
5-HT
5-HIAA
Frontal Cortex
DA
DOPAC
HVA
5-HT
5-HIAA
NE

Control

Cigarette
Smoke

Males

174.20+17.96 98.02 +12.24
2740 £2.44 28.48 + 2.66
13.49+2.15 10.81+1.13
530043 2.85+0.38*
3.50+0.28 4.26 +0.41

551+0.53 3.63+0.71
0.38 +£0.04 0.37£0.04
1.02+0.18 0.93+0.24
6.69 +0.37 5.63+0.72
6.00 £0.48 5.80 £0.46
6.60 +0.45 6.74 £0.54

Data represent mean and standard error. N = 5.
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