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ABSTRACT

Background: Maternal smoking is currently a public health concern and has been associated
with a number of complications in the offspring. E-cigarettes are gaining popularity as a ‘safer’
alternative to tobacco cigarettes during pregnancy, however, there are a limited number of
studies to suggest that they are actually ‘safe’.

Study Design: Balb/C female mice were exposed to ambient air (n=8; Sham), or tobacco
cigarette smoke (n=8; SE) before gestation, during gestation and lactation. A third group was
exposed to cigarette smoke before gestation followed by e-cigarette aerosols during gestation
and lactation (n=8; Switch). Male offspring (12-week old, n=10-14/group) underwent
behavioural assessments to investigate short-term memory, anxiety and activity using the novel
object recognition (NOR) and elevated plus maze (EPM) tests. Brains were collected at
postnatal day (P)1, P20 and Week13 for global DNA methylation, epigenetic gene expression,
and neuronal cell counts.

Results: The offspring from mothers switching to e-cigarettes exhibited no change in
exploration/activity, but showed a decrease in global DNA methylation, Aurora Kinase (Aurk)
A and AurkB gene expression and a reduction in neuronal cell numbers in the cornu ammonis
1 region of the dorsal hippocampus compared to the SE group.

Conclusions: Continuous tobacco cigarette smoke exposure during pregnancy resulted in
marked neurological deficits in the offspring. Switching to e-cigarettes during pregnancy
reduced these neurological deficits compared to cigarette smoke exposure. However,
neurological changes were still observed, so we therefore conclude that e-cigarette use during
pregnancy is not advised.

INTRODUCTION

Electronic cigarettes (e-cigarettes) are becoming increasingly popular worldwide and are
attracting more users. E-cigarettes are battery-powered devices that convert an oily, flavoured
liquid into an aerosol. Due to the variety of different flavours available, such as chocolate and
cinnamon, e-cigarettes are particularly appealing to young people and they are gaining
popularity among pregnant women, primarily as a smoking cessation aid or as a perceived
healthier alternative to tobacco smoking (1, 2).

Maternal exposure to tobacco cigarettes during pregnancy is associated with premature birth,
low birth weight, cardiovascular problems, respiratory problems and sudden infant death
syndrome (3-8). Moreover, children from mothers who smoked during their pregnancy exhibit
behavioural changes such as hyperactivity, aggression and anti-social behaviour (9-11).
According to the Centers for Disease Control and Prevention, in 2016, the prevalence of
maternal smoking was highest among women aged between 20-24 (12). To assist these women
to quit smoking, nicotine replacement therapies such as nicotine patches, gum and inhalers are
available, however, many studies did not find a significant increase in abstinence (13-16).
Therefore, there is a need to find new, innovative ways to assist pregnant women with their
nicotine addiction. Although there is currently no evidence to prove that maternal ‘vaping’ is
safe, pregnant women are starting to use e-cigarettes in higher numbers. A study of 445
pregnant women in the United States in 2017 found that 7% of these women used e-cigarettes,
and a further 8% were dual users of tobacco and e-cigarettes. Of the e-cigarette users, 74.6%
reported that they switched to e-cigarettes once they had learnt that they were pregnant (2).
Another review also suggested that the percentage of pregnant women who used an e-cigarette
may be as high as 15% (17). Although they are promoted as a ‘safer’ alternative to smoking



tobacco cigarettes, studies in animals have shown that exposure to e-cigarette aerosols in adult
male mice resulted in physiological and behavioural changes (18-20).

We have previously reported the effects of maternal exposure to e-cigarette aerosols (with and
without nicotine) on anxiety, exploration/activity and epigenetic gene expression in male
offspring (21) and that replacing tobacco cigarette smoke with e-cigarette aerosols during
pregnancy showed some benefits for energy homeostasis and inflammation in the offspring
brain at weaning (22). The current study investigated whether switching to e-cigarette exposure
from tobacco cigarette smoke during gestation, changes offspring behaviour and epigenetics.

MATERIALS AND METHODS

For the full materials and methods, please refer to the Supplementary document 1.

Animal experiment procedure and treatment exposure

All animal experimental procedures were conducted in accordance with the guidelines of the
Australian National Health and Medical Research Council with approval from the University
of Technology Sydney Animal Care and Ethics Committee (ETH15-0025). Twenty-four
female Balb/c mice (7 weeks old, Animal Resource Centre, Perth, WA, Australia) had ad
libitum food and water with a 12:12 hour light/dark light cycle.

Animals were divided into three treatment groups (n=10-14 per group): (i) Ambient air (Sham);
(i1) Tobacco cigarette smoke exposure (SE); and (ii1) SE prior to gestation followed by e-
cigarette aerosol exposure during gestation and lactation (Switch). Animals from each
treatment group were exposed to their condition six weeks prior to pregnancy, during
pregnancy and lactation (Figure 1). Animals from the SE and Switch groups were exposed to
two cigarettes twice daily (Winfield Red™, <16mg tar, <1.2mg nicotine, and <15mg of CO;
VIC, Australia) in an automated InExpose system (Scireq®, Montreal, QC, Canada). In the
Switch group, animals were exposed to e-cigarette acrosols (Tobacco flavour; 18mg nicotine)
using the KangerTech NEBOX e-cigarette device (KangerTech, Shenzhen, China). In the
Switch group, animals were exposed to e-cigarette acrosols (Tobacco flavour; 18mg nicotine)
using the KangerTech NEBOX e-cigarette device (KangerTech, Shenzhen, China) in
accordance to the protocol outlined in our previous e-cigarette exposure study (21).

Behavioural assessments

Behavioural assessments were performed on offspring at 12 weeks old and all tests were
performed between 0900 and 1400h. Each behavioural test was described in our previous study
(21). The novel object recognition (NOR) test was used to assess short-term memory in the
animals. The NOR test included a familiarisation and a test phase. The familiarisation phase
involved an animal exploring two identical objects for 5 minutes before being returned to its
home cage. After a one-hour interval, each animal underwent the test phase where they
explored one ‘familiar’ object and one ‘novel’ object. The total time spent investigating each
object was recorded and calculated as a recognition index using the following equation:

Tn

Recognition Index = ——
g (Tn+Tf)

where Tn is the time spent exploring the novel object and 7 is the time spent exploring the

familiar object. Unimpaired animals spend more time exploring the novel object compared to

an object that it has seen before (Recognition index > 0.5).



The elevated plus maze (EPM) test was used to measure anxiety and exploration. The EPM
consists of an open arm and an enclosed arm. Each animal was placed on the EPM apparatus
in the same direction to ensure consistency within each test. Animals were allowed to move
freely on the EPM for two minutes before being returned into its home cage. The total time
spent in the open arm and the number of centre crosses were recorded. In addition, the total
number of head dips and whole body stretches in the close arm (protected) and the open arm
(unprotected) were also recorded.

Tissue collection and extraction

Brain tissue and plasma were collected from offspring at P1 (birth), P20 (weaning) and Week13
(adulthood) as previously described (21). Offspring were weighed before tissue collection. The
right hemisphere of each P1 and P20 brain was snap frozen. The hippocampus was micro-
dissected from the right hemisphere from the Week13 offspring. Total DNA and RNA were
extracted using the Isolate II DNA/RNA/protein extraction kit (Bioline, MA, USA) and
quantified. RNA integrity was determined using the Experion RNA StdSens Analysis Kit
(BioRad, CA, USA).

Plasma cotinine

Whole blood was collected in a heparin-rinsed syringe from mothers and offspring at P20 via
cardiac puncture. Each plasma sample was collected by centrifuging the blood at 13k rpm for
5 minutes. Plasma cotinine, a major metabolite of nicotine, was measured using the cotinine
ELISA kit (Abnova, Taipei, Taiwan) following the manufacturer’s protocol. Samples and
control standards (provided by the kit) were processed and the absorbance was read at 450nm
using the Tecan’s Infinite® M 1000 PRO (Thermo Fisher Scientific, MA, USA).

Global 5-mC DNA methylation assay

Global DNA methylation was analysed using the DNA 5-methylcytosine (5-mC) methylation
ELISA kit (Zymo Research, CA, USA). DNA samples (100ng) from each offspring at P1, P20
and Week 13 were processed according to the manufacturer’s protocol. Anti-5-methylcytosine
monoclonal antibody was provided by the kit to detect 5-mC. DNA methylation of each DNA
sample was quantified and expressed as a percentage using a standard curve generated by the
control standards provided by the kit. Absorbance was read at 450nm using the Tecan’s
Infinite® M 1000 PRO (Thermo Fisher Scientific, MA, USA).

Analysis of epigenetic mRNA gene expression levels

Chromatin modifying mRNA gene expression levels were investigated using RT-qPCR. Total
RNA (Ipg) was extracted from P1 and P20 brains and Week13 hippocampus. RNA was
reverse-transcribed using the Tetro ¢cDNA synthesis kit (Bioline, MA, USA). qPCR
amplification of cDNA was performed using the SensiFAST SYBR No-ROX kit (Bioline, MA,
USA). All epigenetic primer sequences were listed in our previous study (21). mRNA gene
expression was determined using the AACt method (23) and normalization of mRNA gene
expression was adjusted using glyceraldehyde 6-phosphate dehydrogenase (GAPDH) as the
reference gene.

Histological tissue preparation

The left hemisphere of P20 and Week13 brains were fixed in 4% paraformaldehyde and
paraffin embedded. Coronal sections (5um) of the brains were made at Bregma; -1.9mm to -
2.06mm (24). The sections were stained with cresyl violet (Sigma Aldrich, MO, USA). High
power images of the cornu ammonis (CA)l, CA2, CA3 at the dorsal hippocampus were
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captured (NDP.view2, Hamamatsu, Shizuoka, Japan) and cell counts per region of interest
(ROI) were completed using ImageJ (NIH, NY, USA).

Statistical analysis

All data analysis was conducted blindly and all data were presented as mean + standard
deviation. For the NOR test, a paired t-test was used to analyse the recognition index of the
familiarisation and test phase. For the EPM test, the cotinine ELISA, the DNA methylation
assay, and the mRNA gene expression, a one-way analysis of variance (ANOVA) with
Bonferroni’s post-hoc test was used to compare each treatment group. A p-value of less than
0.05 was considered statistically significant and the p value for Bonferroni post-hoc tests was
reported in the text and figure legends to indicate differences between each group.

RESULTS

Maternal exposure to e-cigarette aerosols after smoke exposure did not have any effect
on litter size

There was no significant difference in litter size among the three groups (p=0.229) [data not
shown]. Only male pups were used as per our previous study (21). There was no evidence of
pups being born dead or cannibalised by the mothers. Sample sizes of offspring at each time
point ranged between 10-14 depending on the size of the litter.

Plasma cotinine levels from previous and current exposure systems delivered comparable
levels of cotinine in the offspring and mothers

The average cotinine level of the mothers from the Sham group was 2.95+0.93ng/ml. Mothers
from the SE and Switch groups had a significant increase in plasma cotinine levels of
19.36+10.17ng/ml (p<0.001) and 21.97£12.76ng/ml (p<0.01), respectively, compared to the
Sham group (figure 2a). In the P20 offspring, the average cotinine level in the Sham group was
3.56£1.60ng/ml. Offspring from the SE and Switch groups had a significant increase in
cotinine levels of 9.62+3.66ng/ml (p<0.001) and 10.934+2.38ng/ml (p<0.001), respectively
(figure 2b).

Offspring from mothers that switched to e-cigarette aerosol exposure or exposed to
continuous cigarette smoke during pregnancy had a low birth weight

In the P1 offspring, the average body weight in the Sham group was 1.69+0.29g. Body weight
in the SE and Switch groups were significantly reduced to 1.39+0.10g (p<0.05) and 1.41+0.12¢g
(p<0.01), respectively, compared to the Sham group (figure 2c). In the P20 offspring, the
average body weight in the Sham group was 10.63+1.41g. Body weight in the SE and Switch
groups were significantly reduced to 9.45+0.58g (p<0.01) and 9.55+0.58g (p<0.001),
respectively, compared to the Sham group (figure 2d). In the Week13 offspring, there was no
significant difference in the body weight between the Sham (26.26+1.82g), SE (25.91+1.60g)
and Switch groups (25.81+1.01g) (figure 2e).

Switching to e-cigarette aerosol exposure showed changes in offspring memory and
hyperactivity

Behavioural assessments were conducted on Week12 offspring from each treatment group to
determine if switching to e-cigarette alters offspring memory (NOR), exploration/activity
(EPM) and anxiety (EPM) compared to SE. For the NOR test, in an unimpaired animal, there
should be a significant increase in the recognition index from the familiarisation and test phase
as shown in the Sham group (p<0.001;figure 3a). This result was also observed in the SE group
(p<0.001;figure 3b). Interestingly, in the Switch group, there was no significant change



between the familiarisation and test phase, indicating short-term memory deficits within these
offspring (figure 3c).

In the EPM test, offspring showed a significant increase in the time spent in the open arm in
the SE (p<0.001) and Switch groups (p<0.001) compared to the Sham group, indicating less
anxiety (figure 3d). The number of centre crosses is an indication of exploration/activity. There
was a significant increase in the number of centre crosses from SE (p<0.05) and Switch groups
(p<0.05; figure 3e) compared to the Sham group. This indicates that offspring are more active
and more likely to explore different environments. Other sensitive measures of anxiety such as
head dipping and whole body stretches were not different. However, there was a significant
increase in the number of unprotected stretches in offspring from the SE group compared to
the Sham (p<0.001) and Switch groups (p<0.001; Supplementary figure 1).

Switching to e-cigarette aerosol exposure reduced offspring global DNA methylation
DNA methylation activates/inactivates genes by controlling the transfer of a methyl group on
CpG sites of the genome (25). In the P1 offspring brain, global DNA methylation was 5.6+0.6%
in the Sham group. DNA methylation in the SE and Switch groups were significantly increased
to 44.3+£5.7% (p<0.001) and 12.6+1.2% (p<0.01), respectively (figure 4a). In the P20 offspring
brain, DNA methylation was 5.1+0.6% in the Sham group. DNA methylation in the SE and
Switch groups were significantly increased to 39.0+3.6% (p<0.001) and 12.3+£2.2% (p<0.001),
respectively (figure 4b). In the Week13 hippocampus, DNA methylation was 9.5+1.1% in the
Sham group. DNA methylation in the SE and Switch groups were significantly increased to
40.8+3.2% (p<0.001) and 15.9+£2.5% (p<0.001), respectively (figure 4c). Interestingly, despite
the marked increase in global DNA methylation in both the SE and Switch groups, the Switch
group showed a lower global DNA methylation when compared to the SE group, regardless of
offspring age. Our findings suggest that switching to e-cigarettes during pregnancy reduced
DNA methylation in the offspring brain.

Changes in mRNA gene expression of key chromatin modifying genes in offspring from
mothers that switched to e-cigarette aerosol exposure

Epigenetic gene expression was analysed by RT-qPCR and outlined in Table 1. Here, we
investigated epigenetic gene expression of representative chromatin modification enzymes that
were identified and altered in our previous study (21).



Table 1. mRNA gene expression of key chromatin modifiers in the offspring brains.

Time Encoded

. . Sham Smoke Exposure Switch
points protein

Dnmt3a 1.0 + 0.4 0.1+ 0.1%%* 0.6+0.2

- Dnmt3b 1.0+0.5 0.5+0.1% 1.0+0.3

=) Kdm5c 1.0+0.2 8.4 + 3.2%*k i 1.0+£04

2 2 Kdmé6b 1.0+0.1 46.1 + 30.1%*77F 09+0.3

S Atf2 1.0+0.2 3.7+ 0.9% %% 44+ 0.6+0.2

g Hdacl 1.0+0.1 2.6+ 0.8%* 11+ 0.8+0.1
é z Aurka 1.0+0.2 1.4+0.6 0.3 + 0.0*###
Aurkb 1.0+0.1 2.9+ 0.4%%% 4+ 0.4 + 0.1 %%*

Aurke 1.1+0.4 20+0.7 5.0+3.5

Dnmt3a 1.0+0.1 0.6+0.1 0.8+0.3

> Dnmt3b 1.0+0.3 0.7+0.2 0.8+04

N KdmS5c 1.0£0.2 0.4 + 0. 1F%* 41 09+03

a £ Kdmé6b 1.0+0.2 0.3 + 0.1%F* 7 09+0.3

=2 Atf2 1.0+0.1 0.4 £ 0. 1%**§F7 1.2+03

s = Hdacl 1.0£0.1 1.3+0.2% 1.1+0.2

22 Aurka 1.0+0.2 0.4+ 0.1%*f+ 1.0+0.3

A Aurkb 1.0+0.2 0.5 + 0.1%*44+ 1.1+£0.3

Aurke 1.0+0.2 0.5+0.1% 1.0+0.5

Dnmt3a 1.0+0.1 0.6 + 0.1%*% 0.9+0.3

- Dnmt3b 1.0+0.2 0.2 + 0.0%**++ 0.7+0.3

-3 Kdm5c 1.0£02 15+03 1.6+0.6

= £ Kdm6b 1.0+0.2 1.6 +0.3% 1.5+0.5

el At 1.0£0.1 1.5 £ 0. 2% %1+ 0.9+0.1

= = Hdacl 1.0+0.1 1.3+ 0.1%%++ 0.9+0.1

- Aurka 1.0+0.1 1.2+0.3++ 0.7+0.2

Aurkb 1.0+0.2 1.4+ 0.1%+++ 0.6 + 0.2%*
Aurke 1.0 + 0.4 0.3+0.1% 0.9+0.5

The Sham, Smoke Exposure and Switch group data expressed as the percentage of gene
expression normalised to the Sham group. Data is represented as mean + standard deviation,
*0<0.05, **p>0.01, ***p<0.001 vs. Sham, 7p<0.05, 77p<0.01, 77p<0.001 vs. Switch,
####p<0.001 vs. Smoke Exposure.

DNA methyltransferases, Dnmt3a and Dnm3b, are de novo enzymes that are important in
controlling the expression of certain genes in the genome. At P1, Dnmt3a and Dnmt3b gene
expression was significantly decreased to 15.0+8.8% and 53.4+15.6%, respectively, in the SE
group compared to the Sham (p<0.001) and Switch groups (p<0.05). In the P20 offspring whole
brain, no significant difference was observed between treatment groups. In the Weekl13
hippocampus, Dnmt3a and Dnmt3b gene expression was significantly decreased to 57.0+8.9%
and 23.7+5.0%, respectively, in the SE group compared to the Sham (p<0.01) and the Switch
groups (p<0.01).

Histone demethylases, Kdm5c and Kdmé6b, are important in the removal of methyl groups on
histones. In the P1 offspring brain, Kdm5c gene expression was significantly increased to
841.8+327.0% in the SE group compared to the Sham (p<0.001) and Switch groups (p<0.001).
Similarly, Kdmoéb gene expression was also significantly increased to 4609.4+3014.6%



compared to the Sham (p<0.001) and Switch groups (p<0.001). In the P20 offspring brain,
Kdm5c gene expression was significantly decreased to 36.4+5.4% in the SE group compared
to the Sham (p<0.001) and Switch groups (p<0.001). Similarly, Kdm6b gene expression was
significantly decreased to 31.2+6.0% in the SE group compared to the Sham (p<0.001) and
Switch groups (p<0.001). In the Weekl3 hippocampus, Kdm6b gene expression was
significantly increased to 161.4+31.8% in the SE group compared to the Sham group (p<0.05).

Histone acetylase, Atf2, and deacetylase, Hdacl, are important in adding and removing acetyl
groups from histones. I the P1 offspring brain, Atf2 gene expression was significantly increased
to 370.4+£93.7% in the SE group compared to the Sham (p<0.001) and Switch groups
(p<0.001). Similarly, Hdacl gene expression was significantly increased to 256.8+80.2% in
the SE group compared to the Sham (p<0.01) and Switch groups (p<0.001). In the P20
offspring brain, Atf2 gene expression was significantly decreased to 36.2+5.9% in the SE group
compared to the Sham (p<0.001) and Switch groups (p<0.001). In addition, Hdacl gene
expression was significantly increased to 131.2+18.1% in the SE group compared to the Sham
group (p<0.05). In the Week13 offspring hippocampus, Atf2 gene expression was significantly
increased to 152.94+17.2% in the SE group compared to the Sham (p<0.001) and Switch groups
(p<0.001). Moreover, Hdacl gene expression was significantly increased to 126.7+9.6% in the
SE group compared to the Sham (p<0.01) and Switch groups (p<0.001).

Aurora Kinases, AurkA, AurkB and AurkC, are important in chromosomal alignment and
segregation during mitosis. In the P1 offspring brain, AurkA gene expression was significantly
decreased to 31.7+4.4% in the Switch group compared to the Sham (p<0.05) and SE groups
(p<0.001). AurkB gene expression was significantly increased to 295.7+£36.2% in the SE group
compared to the Sham (p<0.001) and Switch groups (p<0.001). However, AurkB gene
expression was shown to be significantly decreased to 40.5£10.7% in the Switch group
compared to the Sham group (p<<0.001). No significant difference was observed in AurkC gene
expression in any treatment groups. In the P20 offspring brain, AurkA gene expression was
significantly decreased to 47.1£9.1% in the SE group compared to the Sham (p<0.01) and
Switch groups (p<0.01). Similarly, AurkB gene expression was significantly decreased to
49.8+14.4% in the SE group compared to the Sham (p<0.01) and Switch groups (p<0.001).
AurkC gene expression was also significantly decreased to 51.1+10.4% in the SE group
compared to the Switch group (p<0.05). In the Week13 offspring hippocampus, AurkA gene
expression was significantly increased to 124.6+27.8% in the SE group compared to the Switch
group (p<0.01). AurkB gene expression was significantly increased to 138.5£10.9% in the SE
group compared to the Sham (p<0.05) and Switch groups (p<0.001). However, AurkB gene
expression in the Switch group was significantly decreased to 55.5+22.9% compared to the
Sham group (p<0.01). AurkC gene expression was significantly decreased to 34.4+£10.9% in
the SE group compared to the Sham group (p<0.05).

Adult offspring from mothers exposed to tobacco smoke, but not e-cigarettes, have
reduced neuronal counts in the hippocampus

The dorsal hippocampus is a region of the brain that is important for cognitive functions such
as learning and working memory. In the P20 offspring, the neuronal count at CA1 in the Sham
group was at 170.43+8.83 cells/ROI (figure 5a). There was a significant reduction in neuronal
counts in the SE and Switch groups at 154.42+4.16 cells/ROI (p<0.01) and 158+8.67
neurons/ROI (p<0.05), respectively. At the CA2 and CA3 regions, no significant change in
neuronal cell counts was observed in the offspring at P20 (figure Sb&c). In the Week13
offspring, the neuronal cell count in the CAl, CA2, and CA3 in the Sham group was
161.86+17.80, 100.004+8.74 and 123.00+14.73 cells/ROI, respectively. In the SE group, there
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were marked reductions in the neuronal count at 143.00+£10.56 cells/ROI (p<0.05) in CA1
(figure 5d), 70.00+=12.83 cells/ROI (p<0.001) in CA2 (figure 5e), and 103.25+8.65 cells/ROI
(p<0.01) in CA3 (figure 5f). No significant difference in neuronal counts was observed in the
hippocampus between Sham and Switch groups in the offspring at this time point.

DISCUSSION

We recently showed that the offspring from mice exposed to e-cigarette aerosols (with and
without nicotine) during pregnancy had significant behavioural and epigenetic changes (21).
In this study, we investigated whether maternal exposure to cigarette smoke (with nicotine)
followed by a switch to e-cigarette aerosols (also with nicotine) changed the responses seen by
continuous maternal smoking.

The effects of maternal smoking on offspring body weight have been well-documented (5,
26). We found a reduction in body weight from the smoke-exposed group, as expected.
However, we showed that switching to e-cigarettes did not ameliorate this change in body
weight in a murine model. By adulthood, however, all the offspring had returned to normal
body weight and the drop in birth weight is likely due to a nicotine effect, as both the tobacco
and the e-fluids contained nicotine in this study. A review of smokeless tobacco and nicotine
replacement therapies also concluded that nicotine alone can reduce birth weight (27),
however, another study examining nicotine replacement therapy has reported otherwise (28).
In addition, elevated serum and urine cotinine levels have been shown to be closely
correlated to the reduction in body weight following maternal exposure to cigarette smoke
and e-cigarette aerosols (5, 18, 29-31).

The experiments examining exploration/activity in offspring showed a similar pattern with
both the maternal smoking and switching to e-cigarettes displaying increased activity and
reduced anxiety. This is characteristic of hyperactivity which has been reported in human
children from smoking mothers (32-36). The changes that we observed could be due to the
nicotine exposure which has been shown to cause hyperactivity and impulse-decision making
in offspring (30). A number of studies have investigated working memory in animals exposed
to cigarette smoke and e-cigarette aerosols, with contradictory findings (37-39). These
differences may be due to methodological factors such as differences in the dose and delivery
of the cigarette compounds. We found that maternal smoking did not affect memory in the
offspring compared to the Sham, whereas switching to e-cigarettes did. As both products
contained nicotine, it could be concluded that the aerosol itself may be having an effect on
memory in the offspring.

Epigenetic changes often result in an alteration of the expression and regulation of genes that
can play key roles during stages of normal development. Maternal smoking has been known to
cause inter-generational alterations to DNA methylation in cord blood and the placenta (40,
41). Our results showed that there were more marked changes in DNA methylation in offspring
from mothers exposed to cigarette smoke only, which was reduced when switching to e-
cigarettes during pregnancy. However, this reduction in DNA methylation did not return to
Sham levels. This suggests that chemical compounds that are found in cigarette smoke are
likely to be the cause of these changes. Cigarette smoke consists of over 4000 known toxins
such as arsenic, polychromatic hydrocarbons and acrolein which have shown to alter DNA
methylation (42-44). E-cigarettes have also been known to release volatile organic compounds
such as formaldehyde and tobacco-specific nitrosamines (45-47), however, the concentration
of these compounds that are released from the e-cigarettes are minimal (48, 49).



DNA methylation can lead to changes in the expression of key genes that play a crucial role in
development and cellular signalling and subsequently that may result in devastating
consequences. In our previous study, we showed that mothers exposed to e-cigarette aerosol
alone (with and without nicotine) resulted in changes to chromatin modifiers (21). These
chromatin modifiers include DNA methyltransferases, histone demethylases, histone acetylase,
histone deacetylase and Aurora Kinases. We showed that mothers exposed to e-cigarettes alone
(with and without nicotine) had significant changes in Dnmt3a, Dnmt3b, Kdm5b, Kdm6b,
Atf2, and Hdacl gene expression in the offspring brain at birth, weaning and adulthood (21).
In the current study, significant changes in gene expression were mainly observed in offspring
from mothers exposed solely to cigarette smoke. However, gene expression of AurkA and
AurkB, which are involved in mitotic division (50), were significantly decreased in in offspring
from mothers switching to e-cigarette exposure, and significantly increased in offspring from
mothers exposed to cigarette smoke only. This suggests that switching to e-cigarettes may alter
epigenetic gene expression levels compared to continual smoke exposure, however, it can
subsequently induce changes that are independent of smoking. It is likely that alterations to
genes involved in generating epigenetic changes can result in physiological consequences,
however, this remains to be investigated.

The neuronal cell numbers in the dorsal hippocampus of the adult offspring were reduced in
CAL following maternal smoking, but there were no changes in this group in the NOR test.
Conversely, offspring from mothers that switched to e-cigarette exposure after smoke exposure
had an effect on memory, but not cell numbers. This highlights the difficulty of teasing out the
effects of tobacco chemicals, nicotine and the chemicals in the e-fluids and how they may alter
neurological function at different post-natal time-points. It is known that nicotine, when
injected into pregnant rats, compromises offspring neuronal maturation, leading to long-lasting
alterations in the structure of the hippocampus (51). A study that investigated the effects of
prenatal nicotine exposure in a rat model found a decrease in cell size and a higher cell packing
density in juvenile and adolescent offspring (52). Although many studies have shown that
nicotine causes significant changes to regions of the hippocampus, there were no significant
changes observed in the adult offspring for the Switch group in our study. Again, this may be
due to the difference in nicotine delivery methods or possibly due to dose effects since previous
studies have either administered nicotine orally through the water bottles or via a pump (52-
54). One study that investigated prenatal e-cigarette exposure in the offspring hippocampus
found no changes to neuron numbers (55). However, they did find an increase in IBA-1 protein
expression, a marker for microglia (55). This suggests that brain cells other than neurons can
be affected by prenatal e-cigarette exposure.

It is important to note that there are some limitations to the current study. The 5-mC DNA
ELISA provides an overview of DNA methylation within the brain and does not show the
specific genes that are methylated. Future experiments will be needed to focus on locating the
genes that are methylated which will allow us to identify the physiological changes that are
associated with those genes. Furthermore, a detailed analysis of the specific neuronal cell
populations and different glial cells in the hippocampus and other brain regions would be
beneficial to determine the cellular responses in the offspring.

Overall, we conclude that in this murine model, lower levels of DNA methylation, lower levels
of induced epigenetic modification of selected genes and no decrease in neuronal cell numbers
were observed in the offspring of mothers that switched from tobacco cigarette smoke to e-
cigarette aerosol exposure, compared to those from mothers continuously exposed to tobacco
smoke during pregnancy. However, despite this, short-term memory deficits and hyperactivity
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in the offspring were not affected by switching to e-cigarette during pregnancy. The results
from this study, therefore, confirm that e-cigarette use during pregnancy is not a safe option. it
may not be ‘safer’ to use than tobacco cigarette in terms of neurocognitive outcome, while the
other physiological aspect remains to be determined. We conclude that abstinence from all
nicotine delivery products during pregnancy should still be advised.

11



ACKNOWLEDGEMENTS

The authors do not have any potential conflicts of interest. The authors would like to thank
Fiona Ryan and Lalit Overlunde for helping with the care of the animals as well as the members
of the Molecular Biosciences Team in the School of Life Sciences for their support in the
project.

COMPETING INTEREST
We declare that there is no competing interest in this study.

FUNDING

This study was funded by the Centre for Health Technologies and Faculty of Science,
University of Technology Sydney. Mr Gerard Li is supported by a Strategic Scholarship by
Faculty of Science, University of Technology Sydney. Associate Professor Hui Chen is
supported by a Research Fellowship for International Young Scientists (81750110554)
awarded by National Natural Science Foundation of China.

12



REFERENCE
1. McCubbin A, Fallin-Bennett A, Barnett J, Ashford K. Perceptions and use of
electronic cigarettes in pregnancy. Health education research. 2017;32(1):22-32.

2. Wagner NJ, Camerota M, Propper C. Prevalence and Perceptions of Electronic
Cigarette Use during Pregnancy. Maternal and child health journal. 2017;21(8):1655-61.
3. Bakker H, Jaddoe VWYV. Cardiovascular and metabolic influences of fetal smoke

exposure. European journal of epidemiology. 2011;26(10):763-70.

4, Balte P, Karmaus W, Roberts G, Kurukulaaratchy R, Mitchell F, Arshad H.
Relationship between birth weight, maternal smoking during pregnancy and childhood and
adolescent lung function: A path analysis. Respiratory medicine. 2016;121:13-20.

5. Bernstein IM, Mongeon JA, Badger GJ, Solomon L, Heil SH, Higgins ST. Maternal
smoking and its association with birth weight. Obstetrics and gynecology. 2005;106(5 Pt
1):986-91.

6. Horta BL, Gigante DP, Nazmi A, Silveira VMF, Oliveira I, Victora CG. Maternal
smoking during pregnancy and risk factors for cardiovascular disease in adulthood.
Atherosclerosis. 2011;219(2):815-20.

7. Kyrklund-Blomberg NB, Granath F, Cnattingius S. Maternal smoking and causes of
very preterm birth. Acta obstetricia et gynecologica Scandinavica. 2005;84(6):572-7.

8. Zhang K, Wang X. Maternal smoking and increased risk of sudden infant death
syndrome: a meta-analysis. Legal medicine (Tokyo, Japan). 2013;15(3):115-21.

9. Kovess V, Keyes KM, Hamilton A, Pez O, Bitfoi A, Kog C, et al. Maternal smoking
and offspring inattention and hyperactivity: results from a cross-national European survey.
European child & adolescent psychiatry. 2015;24(8):919-29.

10. Liu T, Gatsonis CA, Baylin A, Kubzansky LD, Loucks EB, Buka SL. Maternal
smoking during pregnancy and anger temperament among adult offspring. Journal of
psychiatric research. 2011;45(12):1648-54.

11. Paradis AD, Shenassa ED, Papandonatos GD, Rogers ML, Buka SL. Maternal
smoking during pregnancy and offspring antisocial behaviour: findings from a longitudinal
investigation of discordant siblings. Journal of Epidemiology and Community Health.
2017;71(9):889.

12. Drake P, Driscoll, A.K., Mathews, T.J. Cigarette smoking during pregnancy: United
States, 2016 Center of Disease Control and Prevention2018 [Available from:
https://www.cdc.gov/nchs/products/databriefs/db305.htm.

13.  Berlin I, Grangé G, Jacob N, Tanguy M-L. Nicotine patches in pregnant smokers:
randomised, placebo controlled, multicentre trial of efficacy. BMJ : British Medical Journal.
2014;348:21622.

14. Coleman T, Cooper S, Thornton JG, Grainge MJ, Watts K, Britton J, et al. A
randomized trial of nicotine-replacement therapy patches in pregnancy. The New England
journal of medicine. 2012;366(9):808-18.

15. Cooper S, Taggar J, Lewis S, Marlow N, Dickinson A, Whitemore R, et al. Effect of
nicotine patches in pregnancy on infant and maternal outcomes at 2 years: follow-up from the
randomised, double-blind, placebo-controlled SNAP trial. The Lancet Respiratory medicine.
2014;2(9):728-317.

16. Oncken C, Dornelas E, Greene J, Sankey H, Glasmann A, Feinn R, et al. Nicotine
gum for pregnant smokers: a randomized controlled trial. Obstetrics and gynecology.
2008;112(4):859-67.

17. Whittington JR, Simmons PM, Phillips AM, Gammill SK, Cen R, Magann EF, et al.
The Use of Electronic Cigarettes in Pregnancy: A Review of the Literature. Obstetrical &
gynecological survey. 2018;73(9):544-9.

13


https://www.cdc.gov/nchs/products/databriefs/db305.htm

18. Chen H, Li G, Chan YL, Chapman DG, Sukjamnong S, Nguyen T, et al. Maternal E-
Cigarette Exposure in Mice Alters DNA Methylation and Lung Cytokine Expression in
Offspring. American journal of respiratory cell and molecular biology. 2018;58(3):366-77.
19. Ponzoni L, Moretti M, Sala M, Fasoli F, Mucchietto V, Lucini V, et al. Different
physiological and behavioural effects of e-cigarette vapour and cigarette smoke in mice.
European neuropsychopharmacology : the journal of the European College of
Neuropsychopharmacology. 2015;25(10):1775-86.

20. Smith D, Aherrera A, Lopez A, Neptune E, Winickoff JP, Klein JD, et al. Adult
Behavior in Male Mice Exposed to E-Cigarette Nicotine Vapors during Late Prenatal and
Early Postnatal Life. PLoS ONE. 2015;10(9):e0137953.

21. Nguyen T, Li GE, Chen H, Cranfield CG, McGrath KC, Gorrie CA. Maternal E-
Cigarette Exposure Results in Cognitive and Epigenetic Alterations in Offspring in a Mouse
Model. Chem Res Toxicol. 2018;31(7):601-11.

22. Chen H, Li G, Chan YL, Nguyen T, van Reyk D, Saad S, et al. Modulation of neural
regulators of energy homeostasis, and of inflammation, in the pups of mice exposed to e-
cigarettes. Neuroscience letters. 2018;684:61-6.

23. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (San Diego, Calif).
2001;25(4):402-8.

24, Paxinos G, Franklin, K.B.J. Paxinos and Franklin's the Mouse Brain Sterotaxic
Coordinates 4th Edition: Academic Press; 2012.

25.  Moore LD, Le T, Fan G. DNA methylation and its basic function.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology. 2013;38(1):23-38.

26. Jaddoe VW, Troe EJ, Hofman A, Mackenbach JP, Moll HA, Steegers EA, et al.
Active and passive maternal smoking during pregnancy and the risks of low birthweight and
preterm birth: the Generation R Study. Paediatric and perinatal epidemiology.
2008;22(2):162-71.

27. Winzer-Serhan UH. Long-term consequences of maternal smoking and
developmental chronic nicotine exposure. Frontiers in bioscience : a journal and virtual
library. 2008;13:636-49.

28. Lassen TH, Madsen M, Skovgaard LT, Strandberg-Larsen K, Olsen J, Andersen AM.
Maternal use of nicotine replacement therapy during pregnancy and offspring birthweight: a
study within the Danish National Birth Cohort. Paediatric and perinatal epidemiology.
2010;24(3):272-81.

29.  Larcombe AN, Foong RE, Berry LJ, Zosky GR, Sly PD. <em>In utero</em>
cigarette smoke exposure impairs somatic and lung growth in BALB/c mice. European
Respiratory Journal. 2011;38(4):932-8.

30. Lee H, Chung S, Noh J. Maternal Nicotine Exposure During Late Gestation and
Lactation Increases Anxiety-Like and Impulsive Decision-Making Behavior in Adolescent
Offspring of Rat. Toxicological research. 2016;32(4):275-80.

31. Wang X, Tager IB, Van Vunakis H, Speizer FE, Hanrahan JP. Maternal smoking
during pregnancy, urine cotinine concentrations, and birth outcomes. A prospective cohort
study. Int J Epidemiol. 1997;26(5):978-88.

32. He Y, Chen J, Zhu LH, Hua LL, Ke FF. Maternal Smoking During Pregnancy and
ADHD: Results From a Systematic Review and Meta-Analysis of Prospective Cohort
Studies. Journal of attention disorders. 2017:1087054717696766.

33, Huang L, Wang Y, Zhang L, Zheng Z, Zhu T, Qu Y, et al. Maternal Smoking and
Attention-Deficit/Hyperactivity Disorder in Offspring: A Meta-analysis. Pediatrics.
2018;141(1).

14



34, Linnet KM, Dalsgaard S, Obel C, Wisborg K, Henriksen TB, Rodriguez A, et al.
Maternal lifestyle factors in pregnancy risk of attention deficit hyperactivity disorder and
associated behaviors: review of the current evidence. The American journal of psychiatry.
2003;160(6):1028-40.

35. Thakur GA, Sengupta SM, Grizenko N, Schmitz N, Pagé V, Joober R. Maternal
Smoking During Pregnancy and ADHD: A Comprehensive Clinical and Neurocognitive
Characterization. Nicotine & Tobacco Research. 2012;15(1):149-57.

36. Zhu JL, Olsen J, Liew Z, Li J, Niclasen J, Obel C. Parental Smoking During
Pregnancy and ADHD in Children: The Danish National Birth Cohort. Pediatrics. 2014.

37. Chan YL, Saad S, Machaalani R, Oliver B, Vissel B, Pollock C, et al. Maternal
Cigarette Smoke Exposure Worsens Neurological Outcomes in Adolescent Offspring with
Hypoxic-Ischemic Injury2017. 306 p.

38. Hall BJ, Cauley M, Burke DA, Kiany A, Slotkin TA, Levin ED. Cognitive and
Behavioral Impairments Evoked by Low-Level Exposure to Tobacco Smoke Components:
Comparison with Nicotine Alone. Toxicological sciences : an official journal of the Society
of Toxicology. 2016;151(2):236-44.

39. Zhang L, Spencer TJ, Biederman J, Bhide PG. Attention and working memory
deficits in a perinatal nicotine exposure mouse model. PLoS One. 2018;13(5):¢0198064.

40. Knopik VS, Maccani MA, Francazio S, McGeary JE. The Epigenetics of Maternal
Cigarette Smoking During Pregnancy and Effects on Child Development. Development and
psychopathology. 2012;24(4):1377-90.

41. Reynolds LM, Lohman K, Pittman GS, Barr RG, Chi GC, Kaufman J, et al. Tobacco
exposure-related alterations in DNA methylation and gene expression in human monocytes:
the Multi-Ethnic Study of Atherosclerosis (MESA). Epigenetics. 2018;12(12):1092-100.

42. Marsit CJ, Karagas MR, Danaee H, Liu M, Andrew A, Schned A, et al. Carcinogen
exposure and gene promoter hypermethylation in bladder cancer. Carcinogenesis.
2006;27(1):112-6.

43, Perera F, Tang WY, Herbstman J, Tang D, Levin L, Miller R, et al. Relation of DNA
methylation of 5'-CpG island of ACSL3 to transplacental exposure to airborne polycyclic
aromatic hydrocarbons and childhood asthma. PLoS One. 2009;4(2):e4488.

44, Tang M-s, Wang H-t, Hu Y, Chen W-S, Akao M, Feng Z, et al. Acrolein induced
DNA damage, mutagenicity and effect on DNA repair. Molecular nutrition & food research.
2011;55(9):1291-300.

45.  Bansal V, Kim K-H. Review on quantitation methods for hazardous pollutants
released by e-cigarette (EC) smoking. TrAC Trends in Analytical Chemistry. 2016;78:120-
33.

46. Khlystov A, Samburova V. Flavoring Compounds Dominate Toxic Aldehyde
Production during E-Cigarette Vaping. Environmental science & technology.
2016;50(23):13080-5.

47. Kim K-H, Szulejko JE, Kwon E, Deep A. A critical review on the diverse
preconcentration procedures on bag samples in the quantitation of volatile organic
compounds from cigarette smoke and other combustion samples. TrAC Trends in Analytical
Chemistry. 2016;85:65-74.

48. Goniewicz ML, Smith DM, Edwards KC, Blount BC, Caldwell KL, Feng J, et al.
Comparison of Nicotine and Toxicant Exposure in Users of Electronic Cigarettes and
Combustible CigarettesComparison of Nicotine and Toxicant Exposure in Users of Electronic
and Combustible CigarettesComparison of Nicotine and Toxicant Exposure in Users of
Electronic and Combustible Cigarettes. JAMA Network Open. 2018;1(8):e185937-¢.

15



49. Lestari KS, Humairo MV, Agustina U. Formaldehyde Vapor Concentration in
Electronic Cigarettes and Health Complaints of Electronic Cigarettes Smokers in Indonesia.
Journal of environmental and public health. 2018;2018:9013430-.

50. Fu J, Bian M, Jiang Q, Zhang C. Roles of Aurora Kinases in Mitosis and
Tumorigenesis. Molecular Cancer Research. 2007;5(1):1.

51.  Roy TS, Sabherwal U. Effects of gestational nicotine exposure on hippocampal
morphology. Neurotoxicology and teratology. 1998;20(4):465-73.

52. Roy TS, Seidler FJ, Slotkin TA. Prenatal nicotine exposure evokes alterations of cell
structure in hippocampus and somatosensory cortex. The Journal of pharmacology and
experimental therapeutics. 2002;300(1):124-33.

53. Abrous DN, Adriani W, Montaron M-F, Aurousseau C, Rougon G, Le Moal M, et al.
Nicotine Self-Administration Impairs Hippocampal Plasticity. The Journal of Neuroscience.
2002;22(9):3656-62.

54.  LiSP, Park MS, Bahk JY, Kim MO. Chronic nicotine and smoking exposure
decreases GABA(B1) receptor expression in the rat hippocampus. Neuroscience letters.
2002;334(2):135-9.

55. Zelikoff JT, Parmalee NL, Corbett K, Gordon T, Klein CB, Aschner M. Microglia
Activation and Gene Expression Alteration of Neurotrophins in the Hippocampus Following
Early-Life Exposure to E-Cigarette Aerosols in a Murine Model. Toxicol Sci.
2018;162(1):276-86.

16



	NEUROLOGICAL EFFECTS IN THE OFFSPRING AFTER SWITCHING FROM TOBACCO CIGARETTES TO E-CIGARETTES DURING PREGNANCY IN A MOUSE MODEL
	KEY WORDS:
	ABSTRACT
	INTRODUCTION
	Animal experiment procedure and treatment exposure
	Behavioural assessments
	Tissue collection and extraction
	Plasma cotinine
	Global 5-mC DNA methylation assay
	Analysis of epigenetic mRNA gene expression levels
	Histological tissue preparation
	Statistical analysis
	Maternal exposure to e-cigarette aerosols after smoke exposure did not have any effect on litter size
	Plasma cotinine levels from previous and current exposure systems delivered comparable levels of cotinine in the offspring and mothers
	Offspring from mothers that switched to e-cigarette aerosol exposure or exposed to continuous cigarette smoke during pregnancy had a low birth weight
	Switching to e-cigarette aerosol exposure showed changes in offspring memory and hyperactivity
	Switching to e-cigarette aerosol exposure reduced offspring global DNA methylation
	Changes in mRNA gene expression of key chromatin modifying genes in offspring from mothers that switched to e-cigarette aerosol exposure
	Adult offspring from mothers exposed to tobacco smoke, but not e-cigarettes, have reduced neuronal counts in the hippocampus

	DISCUSSION
	ACKNOWLEDGEMENTS
	COMPETING INTEREST
	FUNDING
	REFERENCE

