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Abstract
Nicotine exposure during development can alter behavior in adulthood in mice. One route of
nicotine administration that can mimic some of the dynamics of human smoking is administration
of the drug to pregnant and nursing mice through the drinking water. It is critical to determine if
nicotine administration has an impact on maternal behavior as such changes could lead to
persistent behavioral alterations in the offspring, independent of the neuropharmacological effects
of the drug. While a number of studies have detected nicotine exposure-induced changes, the
effects of nicotine administration through the drinking water on maternal behavior in mice have
not been examined comprehensively. In the current study we have compared maternal behaviors
of C57BL6/J mice exposed to nicotine in the drinking water to behaviors of animals exposed to
saccharin (vehicle) in the drinking water for the first 7 days after birth of their litters and find no
significant between-group differences in any behaviors measured except passive nursing. We have
also assessed the effects of nicotine administration through the drinking water on postnatal weight
gain of the pups and find no significant differences between groups. Open-field locomotor activity
differences between exposed and unexposed offspring in adolescence were also assessed, with
transient hyperactivity detected in nicotine-exposed mice. These data suggest that behavioral
differences identified between animals exposed to nicotine through maternal drinking water
administration are primarily due to the neuropharmacological effects of the drug and not due to
effects of exposure on maternal behavior.

Keywords
Nicotine; drinking water administration; maternal behavior

Introduction
Tobacco smoke exposure during pregnancy results in a number of deleterious health effects
for both mother and offspring (1). Prominent among these is an increased risk for attention
deficit hyperactivity disorder (ADHD) and other non-clinical cognitive issues in children of
smoking mothers, suggesting that a component in tobacco can adversely affect
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neurodevelopment (1). Of the approximately 4000 substances in tobacco (2), nicotine is a
known neuromodulator, with psychoactive properties (3), likely due to the widespread
expression of nicotinic acetylcholine receptors (nAChRs) throughout the developing central
nervous system (4).

A number of methods of administration during pregnancy and the early postnatal period
have been employed in rodents to assess the potential of nicotine to alter neurodevelopment
(1). Among these is administration by drinking water, which results in significant blood
cotinine levels in the dam and the offspring prenatally via the placenta (5). Nicotine
exposure also continues postnatally via maternal milk consumption by the pups (6,7).
Administration through the drinking water minimizes nicotine-induced hypoxia, maternal
stress and injury risk and is suggested to be a good model for human exposure patterns as
mice consume water, and therefore nicotine, primarily during their active phase (5,8).
Studies of offspring exposed to nicotine using this method have identified differences in
several behavioral and physiological parameters including locomotor activity, preference for
cocaine and nicotine, trace fear conditioning, learned helplessness, genital development and
hypothermic response to acute nicotine exposure (5,7–9).

One potential confound of studies using maternal drinking water exposure to evaluate the
neurodevelopmental effects of nicotine in offspring is that drug exposure could alter
maternal behavior. To date, no comprehensive evaluation of the maternal behavior of mice
exposed to nicotine via drinking water has been conducted. Maternal behavior, particularly
licking and grooming of the pups during the first postnatal week, can have profound effects
on the subsequent behavior and molecular-level characteristics of the offspring, with
accumulating evidence indicating that persistent alterations in epigenetic regulatory
mechanisms, and therefore gene expression, can be induced by altered maternal behavior
(10–13). Therefore, if drinking water nicotine consumption has persistent effects on
maternal behavior during this critical period, it is conceivable that this could induce the
alterations observed in exposed offspring, independent of any direct neuropharmacological
effect mediated by nicotine itself.

To assess this possibility, we have analyzed the maternal behaviors of nursing C57BL6/J
mice administered nicotine in the drinking water, or a saccharin (vehicle) control solution.
Treated drinking water was provided throughout pregnancy and continued until the offspring
were weaned at postnatal day 21. The maternal behavior analysis was conducted during the
first 7 postnatal days, the period during which differences in these behaviors have the most
prominent effects on behavior of the offspring (10). The postnatal weight gain of both
exposed and unexposed offspring was also monitored and adolescent open-field locomotor
activity was subsequently assessed as a measure of developmental nicotine-mediated
behavioral change in the offspring.

Material and Methods
Animals and oral nicotine administration paradigm

All procedures involving animals in this study were approved by the Yale University
Institutional Animal Care and Use Committee in compliance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. C57BL6/J mice (Jackson
Laboratories, Bar Harbor, ME) were initially housed in a colony room with ad libitum
access to standard laboratory chow and untreated drinking water on a 12 hour light-dark
cycle (lights on: 7AM). Following acclimation after delivery (at least 7 days), mice used for
analysis of maternal behavior were transferred to a satellite housing facility with an altered
12 hour light-dark cycle (lights on: 1PM) to facilitate behavioral observations during both
the light and dark cycles. Following acclimation to the light-dark cycle (at least 14 days),
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females were mated in harems and singly-housed upon identification of a vaginal sperm
plug. Plugged females were immediately given ad libitum access to drinking water
containing 200 μg/mL nicotine (hydrogen tartrate salt calculated with respect to the free
base) and 2% saccharin (w/v) or pH-matched 2% saccharin (w/v) and 0.2% (v/v) tartaric
acid (Sigma Aldrich, St. Louis, MO) as their sole water supply. Drinking solutions were
changed twice weekly.

The 200 μg/mL nicotine dose was selected as it has been shown previously to have both
behavioral and biochemical efficacy in the adult mouse (14–17) and can induce alterations
in neurodevelopment (5). This dose also has minimal effects on pregnancy dynamics in the
C57BL/6J strain, inducing a modest reduction in maternal fluid volume intake, but with no
effect on maternal food intake or weight gain during pregnancy or on offspring in utero
weight (5), therefore eliminating these as potential confounding factors in our maternal
behavior analysis. While lower doses have been administered to mice via this route and have
been found to alter offspring development (7,8), we hypothesized that the probability of
detecting changes in maternal care induced by nicotine consumption would be maximized at
this higher dose. All animals had ad libitum access to standard laboratory chow at all times.

Measurement of maternal behavior
Births were monitored daily and the day of birth was designated as postnatal day (PND) 0.
Aside from routine husbandry, animals were left undisturbed from PND 0 to PND 7.
Maternal behavior was monitored twice daily on PND 0-7 at 10AM (with lights on) and
4PM (lights off with the room under red light illumination) for 60 min/session. During each
session, maternal behavior was assessed by a scorer blind to treatment group based on
previously published methods (13). Briefly, every 4 mins the scorer noted the behavior(s) in
which the dam was engaged, for a total of 15 observations of each dam for each session.
Behaviors monitored were: licking and grooming of pups, snout contact with pups, nest
building/arrangement, passive nursing, arched back nursing and no contact with pups. Any
nursing behavior which could not be scored definitively as arched back due to maternal
posture was classified as ‘questionable arched back nursing’ (see Table 1 for further details
of the monitored behaviors).

In an independent cohort of nicotine-exposed and control litters, pup weights were recorded
on PND 0, 7, 14 and 21 (weaning). At weaning, offspring were housed in same sex groups
(maximum of 5 animals per group) and received ad libitum access to standard laboratory
chow and untreated drinking water. Mice were again weighed at PND 31-32 and open-field
locomotor activity was assessed.

Open-field locomotor activity
On PND 31-32, mice were weighed and open-field locomotor activity was assessed.
Animals were placed individually in clear rat cages with no bedding material and locomotor
activity was measured in 5 min bins for a 30 min session using an Opto-Max v2.27B infra-
red beam locomotor activity meter system (Columbus Instruments Inc., Columbus, OH,
USA). After mice were removed, fecal boli and urine patches were counted as a measure of
open-field anxiety (18–23).

Statistical Analysis
Maternal behaviors are presented as the percentage of time spent engaged in each scored
behavior, (i.e., the number of recorded instances for each session divided by the total
number of observation windows per session). Maternal behaviors, offspring weight and
open-field locomotor activity were analyzed by repeated measures analysis of variance
(rmANOVA) followed by post-hoc one-way ANOVA. Within-subject effects are reported
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using Greenhouse-Geisser corrected terms when data were found to be non-spherical
according to Mauchly’s test of sphericity (i.e., when Mauchly’s p<0.05). All data are
presented as means ± standard error of mean (SEM) and p-values of less than 0.05 were
considered significant.

Results
Drinking water nicotine administration has a minimal effect on maternal behaviors

Analysis of licking and grooming of pups revealed no significant difference between dams
administered nicotine in the drinking water (n = 9) and dams administered saccharin alone
(n = 6), indicating that this critical non-nursing maternal behavior was unaltered by nicotine
exposure (Fig. 1). Similarly, snout contact with pups and time spent engaged in nest
building/arrangement behaviors were found to be unaffected by nicotine consumption
(Table 2). Within-subject analyses of each of these behaviors indicated a significant effect of
day, with the percentage of the observation sessions spent performing these three behaviors
significantly reduced in both treatment groups by PND 7 (Table 2).

With regard to nursing behaviors, only 7–12% of nursing time was spent in passive nursing,
but a significant effect of treatment was detected on this measure with nicotine-exposed
dams performing this behavior for a significantly greater percentage of time during the
observation sessions than controls (Fig. 2A). A significant effect of day was detected in both
‘questionable’ arched back nursing and arched back nursing behaviors (Fig. 2B–C), with an
effect of observation time also observed in arched back nursing. No effect of nicotine
treatment group was observed on these measures.

To determine if the amount of time engaged in any nursing behavior overall was different
between treatment groups, the three behavioral subtypes were combined into a ‘total
nursing’ parameter. No effect of treatment was detected in this analysis, though a main
effect of observation time was observed, with significantly less time spent engaged in
nursing behavior during the 4PM observation sessions by both treatment groups (Fig. 2D).

Regarding non-maternal behaviors, no effects of nicotine consumption were detected on
self-grooming behavior or on time spent by dams not in contact with pups (Table 2).

Maternal drinking water nicotine exposure does not affect litter size or offspring sex
balance

In an independent cohort of animals (Nicotine = 6 litters; Saccharin = 7 litters), maternal
drinking water nicotine consumption had no significant effect on the number of pups born
(Sach = 7.14 ± 0.80 pups vs. Nic = 8.33 ± 0.84; t(10.8) = −1.02; p = 0.33), or on the number
of female (Sach = 3.43 ± 0.72 vs. Nic = 4.00 ± 0.58; t(10.8) = −0.62; p = 0.55) or male
(Sach = 3.71 ± 0.36 vs. Nic = 4.33 ± 0.76; t(7.19) = −0.74; p = 0.49) pups born per litter.
Among these litters, only 1 pup, from a nicotine-treated dam, was found dead immediately
after birth.

Assessment of postnatal weight gain, mortality and locomotor activity
Between birth and PND 31-32 (the time of locomotor activity testing) for the independent
cohort described above, an average of 0.43 ± 0.30 saccharin-treated and 0.67 ± 0.49
nicotine-treated pups died per litter, with no significant effect of treatment on postnatal
mortality (t(8.36) = −0.41; p = 0.69).

As an index of overall postnatal development, the weight gain of these offspring was
monitored from birth every 7 days until weaning at PND 21 and also in early adolescence
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(PND 31-32). As expected, a significant main effect of sex was detected, with male
offspring significantly heavier than female offspring; however, no significant difference in
weight gain was detected between the treatment groups (Fig. 3A).

At the time of locomotor activity testing (PND 31-32), there was no effect of treatment on
the number of pups per litter (6.71 ± 0.78 pups per saccharin-treated litter vs. 7.67 ± 0.92
pups per nicotine litter, (t(10.3) = −0.79; p = 0.45) or in the number of female (Sach = 3.29
± 0.75 vs. Nic = 3.67 ± 0.76; t(10.9) = −0.36; p = 0.73) or male (Sach = 3.43 ± 0.20 vs. Nic
= 4.00 ± 0.77; t(5.68) = −0.71; p = 0.50) pups per litter. All surviving offspring (Sach = 24
males and 23 females; Nic = 24 males and 22 females) were tested for locomotor activity.

Analysis of adolescent open-field locomotor activity in these mice indicated no overall
differences between nicotine-exposed and control animals. However, within-subject analysis
detected a significant interaction between treatment group and recording bin (Fig. 3B).
Subsequent one-way ANOVA indicated nicotine-exposed animals were significantly more
active, relative to controls, in the first 5 min recording bin, suggesting a heightened response
to novelty in these mice (Fig. 3B). Male mice also produced a significantly greater number
of fecal boli in the open-field apparatus (6.67 ± 0.30 boli), relative to females (5.33 ± 0.31
boli), potentially suggesting increased generalized anxiety (F(1,89) = 10.1; p = 0.002),
though no effect of treatment was observed on this parameter (Sach = 6.28 ± 0.27 vs. Nic =
5.76 ± 0.36; F(1,89) = 1.68; p = 0.20) or in the number of urine patches observed (Sach =
1.55 ± 0.14 vs. Nic = 1.87 ± 0.13; F(1,89) = 2.56; p = 0.11).

Discussion
The experiments presented here show that nicotine administration through drinking water in
mice has a very limited impact on maternal behavior. Specifically, no changes were seen in
pup licking and grooming during the first postnatal week, the time period in which maternal
contact is known to result in the most profound changes in later behavior of pups. Changes
in overall tactile stimulation of rodent pups have persistent effects on stress-related
behaviors in the offspring (10–13,24). Thus it is particularly critical that no changes in
maternal licking and grooming of the offspring, maternal snouting or nest arrangement/
maintenance behaviors (in which the dam also adjusts the positions of members of her litter)
were observed, suggesting that the overall amount of maternal tactile stimulation of the pups
was also consistent, regardless of treatment group. The finding that both licking/grooming
and nest maintenance/arrangement behaviors decreased significantly across the first
postnatal week is also consistent with a maternal care analysis of untreated C57BL/6J dams
at baseline (25) and therefore suggests that oral nicotine and/or saccharin administration has
little effect on these critical maternal care behaviors in this strain. The consistency between
maternal behaviors assessed by a physically present investigator in this and other studies
(13) and by remote camera monitoring in another (25) also indicates minimal maternal
behavior disruption is caused by the presence of an investigator.

The only significant difference detected between the treatment groups was an increase in the
time spent by nicotine-exposed dams in a passive nursing posture, while no significant
differences in the time spent in arched back nursing or nursing behavior in general was
observed. This is of interest since both tobacco smoke and nicotine can affect maternal
prolactin levels and therefore milk production (26–28). Therefore, an increase in passive
nursing, although only a small percentage of total nursing time, may represent a behavioral
modification to compensate for any nicotine-induced changes in milk production.

Regarding the postnatal analysis of the pups, the lack of a weight gain difference between
pups from nicotine and control litters and the increased weight of male compared to female
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offspring is consistent with other reports using this nicotine delivery method at a much
lower dose (50 vs. 200 μg/mL) (7). This suggests that, while nicotine exposure may induce
growth retardation during fetal development through a number of mechanisms, including
placental damage, hypoxia and anorexic effects in the mother (5,29), these effects are
minimal when this dose range is administered to mice in the drinking water. This is
consistent with the lack of an effect of drinking water nicotine exposure on maternal food
consumption and weight gain during pregnancy and offspring in utero weight reported
previously (5).

The elevated horizontal locomotor activity observed in the nicotine-exposed offspring after
5 minutes in a novel environment potentially suggests a heightened response to novelty in
animals exposed to nicotine during perinatal development. This is consistent with studies
showing increased activity and reduced habituation to a novel environment in rats exposed
to nicotine during gestation via maternal osmotic mini-pump (30,31). The elevation in
response to novelty in adolescence may therefore be an important marker of the
neurodevelopmental consequences of nicotine and indicates that administration of nicotine
through maternal drinking water resulted in significant exposure of the pups, as it induced
persistent behavioral effects.

Taken together, this study shows that nicotine administration through the maternal drinking
water results in significant exposure to the pups with little change in maternal care.
Critically, these data indicate that changes in maternal behaviors are not likely to contribute
significantly to persistent behavioral changes in the offspring following drinking water
administration of nicotine. Furthermore, this study demonstrates that maternal nicotine
consumption via this route does not induce growth retardation in the exposed pups. By
excluding altered maternal care and mechanisms such as fetal hypoxia which could underlie
offspring growth retardation, any physiological, biochemical or behavioral differences
detected in mice exposed to nicotine during pre- and early postnatal development through
maternal drinking water, such as the heightened novelty response reported here, are likely
due to the direct neuropharmacological effects of nicotine. This provides a useful method for
identifying the specific consequences of nicotine on neuronal development, as opposed to
the other constituents of tobacco smoke.
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Figure 1. Maternal licking and grooming of pups is not altered by nicotine administration in the
drinking water
Percent time spent licking and grooming pups during observation sessions was not
significantly different between nicotine-drinking (Nic) and saccharin-drinking (Sach) dams
(F(1,25) = 0.073; p > 0.05). No main effect of observation time (AM or PM) was observed,
so the two sessions are shown collapsed for each day within each treatment group. Within-
subject analysis indicated a significant reduction in pup licking and grooming over days
(Mauchly’s p = 0.85; F(7,175) = 9.135; p < 0.05).
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Figure 2. Passive nursing is increased in dams drinking nicotine
A. A main effect of treatment on the percentage of time spent passive nursing was detected
(F(1, 25) = 8.193; p<0.05). Inset: Post-hoc one-way ANOVA on passive nursing data
collapsed across days confirmed a significant main effect of treatment on this behavior (F(1,
14) = 4.905; p<0.05). B. No effect of treatment group on questionable arched back nursing
was detected (F(1,25) = 0.20; p>0.05). As no effect of time of observation (AM or PM) was
detected, data from both AM and PM sessions have been combined. Within-subject analysis
indicated a significant increase in questionable arched back nursing across days (Mauchly’s
p = 0.12; F(7, 175) = 7.356; p<0.05). C. A main effect of time of observation (AM or PM)
was detected on arched back nursing (F(1, 25) = 4.691; p<0.05). No main effect of treatment
or interaction was detected (F(1,25) = 0.14; p>0.05). Within-subject analysis indicated a
significant effect of day (Mauchly’s p = 0.16; F(7, 175) = 4.709; p<0.05), with significantly
less time spent engaged in arched back nursing as the pups grew older. D. Analysis of all
nursing behavior subtypes combined indicated no significant differences between treatment
groups (F(1,25) = 1.95; p>0.05) but did identify a main effect of time of observation, with
significantly more nursing behavior observed in the AM sessions (F(1,25) = 8.365; p<0.05).
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Figure 3. Exposure to nicotine through maternal drinking water has no significant effect on pup
growth but induces an increased response to novelty during adolescence
A. Postnatal weight of nicotine-exposed and saccharin-exposed offspring was recorded at
PND 0, 7, 14, 21 (weaning) and 31-32 (adolescence). A significant main effect of sex was
detected (F(1, 89) = 55.464; p<0.05). No main effect of treatment was detected (F(1,89) =
2.48; p>0.05). B. Open-field locomotor activity of adolescent (PND 31-32) mice exposed to
nicotine (Nic) or saccharin (Sach) from conception through weaning shows no differences
between the treatment groups (F(1,89) = 2.56; p>0.05). A significant interaction between
recording bin and treatment was detected (Mauchly’s p<0.05; F(3.737, 332.607) = 4.372;
p<0.05) and subsequent post-hoc analysis of each bin indicated significant hyperactivity in
the nicotine group in the first 5 min bin (F(1, 92) = 11.576; p<0.05).
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Table 1
Descriptions of observed behaviors scored for this study

Summary of characteristics necessary for each defined behavior to be counted.

Maternal behaviors

 Licking/grooming Dam licks pups

 Snout contact Dam touches pups with snout with no licking apparent

 Nesting Any nest rearrangement/modification behavior

 Passive nursing Pups nursing while dam lying prone/on top of/beside pups with no muscle tone

 Questionable arched back nursing Nursing posture intermediate between passive and arched back

 Arched back nursing Active nursing posture with dam exhibiting significant muscle tone with pups collected beneath arch

 Total nursing Time spent in any nursing activity listed above

Non-maternal behaviors

 Self-grooming Dam cleaning own fur

 No contact Dam engaged in activity with no pup contact (feeding/drinking etc.)
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