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Influence of exposure to nicotine during pregnancy
on the learning and memory for adult offspring
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Abstract. We aimed to investigate the indirect influence of
exposure to nicotine during pregnancy on the learning and
memory of adult offspring mice. Thirty pregnant C57 mice
were randomly divided into either the control group (CON)
or the nicotine group (NIC), with 15 mice each. The CON
group was given access to drug-free water, and the NIC group
was given 60 g/ml nicotine in drinking water. Sixteen adult
mice were randomly selected from the 8 litters for Morris
water maze test. The level of products of related factors in the
hippocampus of mice in the NIC and the CON groups were
compared using the '"H-MRS method. The escape latency
time that the adult offspring mice in the NIC group took in
the place navigation test was significantly longer than that of
the CON group. In addition, the NIC group took longer time to
arrive at the plate than the CON group (P<0.05). mRNA and
protein levels of NR1 in the hippocampus of the NIC group
was significantly higher than that in the CON group (P<0.05).
o7nACh mRNA in the hippocampus of the NIC group was not
significantly different from that of the CON group (P>0.05),
while the expression levels of a7nACh protein in the hippo-
campus of the NIC group was significantly lower than that in
the CON group (P<0.05). Detection of protein level of musca-
rinic receptors in the hippocampus of adult offspring mice in
the NIC group showed that when compared to the CON group,
the expression levels of M1, M3, M5 of the NIC group was not
significantly different from that of the CON group (P>0.05).
Therefore, exposure to nicotine during pregnancy can cause
damage to the learning ability of adult offspring mice but do
not significantly influence their working memory.
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Introduction

During the full-term pregnancy of humans, the embryonic
phase is a very important and indispensable critical period.
The environment of the maternal body during pregnancy is
of great significance to the growth of fetus and its organs as
well as for the physical condition of the future infant (1). The
well-known concept of ‘imprinting’ means that if the environ-
ment of the maternal body in embryonic phase is poor, such
as exposure to toxic chemical substances and malnutrition,
then babies suffer through changes of physical condition at
the post-partum stage or even when they grow into adults.
Serious conditions mean that they have poorer capability to
bear certain diseases compared to the common people (2).
Among the smoking population of the whole world, the
Chinese smoking population accounts for a large proportion,
up to 33.3% based on current data. Thus, the passive smoking
population is too large to imagine. On the other hand, in recent
years, the female smoking population in China has gradually
been rising (3). The data fully demonstrate that in China, which
covers a large smoking population, females are suffering from
damage of nicotine to different degrees, especially females
that are preparing for pregnancy or pregnant females, who
deserve much more attention in this respect (4). Nicotine, also
called nicotinamide or alkaloid, is an important ingredient
from all of the tobacco species, mainly extracted from the
Solanaceae plants. Regardless of whether active smokers or
passive smokers, persond will take in certain nicotine through
the nasal or oral mucosa, and then nicotine will be absorbed
through the mucosa in different positions and further absorbed
by the brain cell tissue via blood-brain barrier (BBB) after
circulation (5). When the nicotine arrives at central tissue
cells, the body will be in a relatively exciting status. The long-
term use of nicotine can cause dependency to a certain degree,
and more seriously, it may lead to addiction, also called the
the ‘rewarding effect’ (6). All ways of learning and memory
for higher animals are produced in the central nervous system,
which indicates indirectly that nicotine has a different impact
on different aspects of learning and memory (7). Various opin-
ions can be summarized according to the literature that relates
to direct influence of nicotine on the learning and memory of
mice. Some scholars believe that if mice were given a small
dose of nicotine in a short time before training in the water
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maze, the time that mice took to arrive at the terminal was
longer than that of the mice in the control group, which were
given regular drug-free water, and this indicates that nicotine
has a certain interference effect on the learning and memory
of mice (8).

Every individual has to develop both the learning and
memory functions. In all brain functions, learning and
memory are two inseparable parts. Thus, when an individual
adapts to an external environment, the process of receiving
external information to improve itself is called learning, and
memorization is the process of extracting and saving some
learned content in the brain tissue (9). NMDAR is an important
receptor component of glutamic acid, which is the significant
excitatory amino acid (EAA) of the central nervous system.
In all brain tissue cells, the hippocampus is distributed with
the highest NMDAR, and is the widest distribution area (10).
NMDAR is an important neurotransmitter for promoting
the learning and memory of bodies, and is involved in the
whole process of learning and memory. Based on the newest
research, NMDAR has seven or greater than seven subunits.
Acetylcholine receptors are divided into muscarinic receptors
and nicotine receptors. The former is also subdivided into the
M1-MS subtype, with different subtypes playing different roles
in the learning and memory process. The nicotine receptor is
also subdivided into o and {§ subunits. In all nicotine receptors,
the a7 subunit is most closely correlated with the learning and
memory process of bodies, and nicotine mainly influences
central neurological functions, which mediates bodies, through
nicotine receptors (11).

The early Morris water maze experiment analyzes the
learning and memory capabilities of animals. In the external
environment with water, the survivability of rodent animals
are greatly reduced. In the experiment, the Morris water maze
set up a platform that was beneficial to the escape of animals.
Since rodents are afraid of water, they collect the space clues
that seek all available places to escape all external environment
with water (12). Therefore, this experiment is able to investigate
the influence of nicotine on the learning and memorization
capabilities of the adult offspring by the water maze method.

Materials and methods

Experiment materials and grouping. Clean adult C57 mice
were selected as the subjects of this experiment. Male mice
that weighed between 20-30 g, and female between 25-30 g.
All mice were obtained by the Jinan Peng Yue Experimental
Animal Breeding Co., Ltd. (Jinan, China). All female and
male mice were grouped with a proportion of 1:1. The morning
of next day when the sperm was found on the vaginal smear it
was taken as the first day of pregnancy (GD1).

Thirty pregnant mice were selected and randomly
divided into either the control group (CON) or the nicotine
group (NIC), with 15 mice in each group. Only the pregnant
mice in the control group were given drug-free water, while
the pregnant mice in the nicotine group were given drinking
water with a concentration of 60 pg/ml nicotine. The mice
in the NIC group were not given nicotine until the 21st day
of the birth of filial mice (PD21). In the NIC group nico-
tine exposure was stopped and mice were allowed to drink
drug-free water, while the CON group was always given
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free water. The filial mice were selected on PD50 in order to
conduct related experiments. The study was approved by the
Ethics Committee of the First People's Hospital of Xuzhou.

Experiment steps and test index of Morris water maze. The
processing analysis system of Morris water maze (Beijing
Shuolinyuan Science and Technology Co., Ltd., Beijing,
China) consists of three parts. Namely, the third quadrant
middle platform with a diameter of 6 cm, a round pool with
diameter of 100 cm and the monitoring system. The platform
was below the water surface by 3 cm, and the temperature in
the pool was kept at 25+2°C. Two adult mice were randomly
selected from the eight litters of mice in this experiment; the
whole experiment was divided into four phases.

Place navigation test. A new entry point was randomly
selected on each day of the experiment, and the entry point
of each adult mouse was consistent. The time was calculated
when each mouse was put into the pool. Two minutes was set
as the schedule time, and the mice were required to find a plat-
form within the fixed time. The time of finding the platform in
the pool and route map of each adult mouse was recorded. The
adult mice were trained 4-5 times each day, with one week as
the total training time. The place navigation test was mainly
used for testing memory capabilities.

Apace exploration experiment. Six hours after the place navi-
gation test was finished, the platform was removed, and then
the adult mice took the middle of the first quadrant edge as
an entry point. The percentage of stay duration of each mouse
in the third quadrant was within 2 min as well as the total
times crossing the earliest platform were calculated. Such
process was taken as one test. The constant-bearing navigation
and space exploration experiment were applied for testing the
reference memory of adult mice. These tests can indirectly
demonstrate the damage of exposure to nicotine during preg-
nancy on the reference memory of filial mice.

Counterpoint place navigation test and counterpoint space
exploration experiment. These two tests were conducted the
same way, and were similar to the constant-bearing navigation,
that is, the position of platform was changed. On the 10th day
of the experiment, the position of platform was adjusted, and
set in the diagonal quadrant of platform position in the place
navigation test. Each mouse in experiment was trained 5 times
each day for 5 continuous days. The counterpoint place naviga-
tion test and counterpoint space exploration experiment were
mainly used for testing the damage degree of nicotine exposure
during pregnancy to the working memory of filial mice.

Testing index. 1) The total times of crossing platform. In the
space exploration experiment and counterpoint space explora-
tion experiment, the total times of crossing platform of adult
mice were calculated; ii) the escape latency time: In the place
navigation test and counterpoint place navigation test, the
total times that the adult mice in the NIC group took to find
platform in the pool was calculated.

Gene detection method. Real-time PCR method was used in
this experiment to observe mRNA levels of NR1 and a7nACh
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Figure 1. The pool roadmap of the NIC group and the CON group on the Ist, 4th and 7th day. (A) The swimming path of the NIC group on the Ist, 4th and
7th day; (B) the swimming path of the CON group on the 1st, 4th and 7th day. NIC, nicotine; CON, control.

in the hippocampus of adult offspring mice. Hippocampus
tissue (150 mg) of adult mice in each group was selected, and
pulverized. After full ventilation and blending, 150 pl of the
chloroform liquid was added. After full blending again, the
sample was kept standing at room temperature for 5 min. Then,
it was centrifuged at the speed of 3,520 x g for 20 min. The
mixed solution was divided into two layers. The clear liquid in
the upper layer was absorbed and dried again at room tempera-
ture. The RNA enzyme melting was adopted for RNA sediment.
After final blending, a real-time PCR method was adopted.

Protein detection method. The western blot analysis was
adopted to observe the influence of exposure to nicotine
during pregnancy on the protein levels of NR1 and a7nACh
in the hippocampus and protein level of muscarinic receptor
(M1, M3 and M5 receptors) in hippocampus of adult offspring
mice. Hippocampal tissues (80 g) of adult mice were selected
in each experimental group and were made into powder under
the liquid nitrogen condition. Then, the moderate cytolysate
was added properly. After fully blending and when cells were
entirely dissolved, the sample was incubated for 20 min at 0°C,
and then centrifuged at a speed of 3,520 x g for 20-30 min.
When the liquid was divided into two layers, the supernatant
was absorbed for testing at the optical density (OD) value of
600 nm. The colorimetric method was adopted to calculate
the concentration of protein, and finally, glue filling, and the
sample loading was done. The transfer box was set up strictly
based on a certain order. The detection reagent was dried and
then the concentration of protein was calculated and analyzed.

'H-MRS detection method test. Before the "H-MRS detection,
all experimental subjects were required to strictly restrain food
intake for 10 h. The "H-MRS instrument and 2.0 MR scanners
were imported from Germany. In the process of testing, all
experimental subjects were fixed in the prone position with a

Table I. Comparison of latency time between the experiment
group and the control group.

Groups n Latency time (sec)  t-test  P-value
Experiment 8 42.28+8.53 323 <0.05
Control 8 20.13+4.01

P<0.05 is considered to be statistically significant.

good external environment. All cross-sectional imaging was
scanned with the T1 WI coronal view. All scanning process
and results calculation were jointly completed by three
imaging physicians.

Statistical analysis. The experimental data of each group
were expressed as mean = SEM. The GraphPad Prism and the
SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, USA)
were used for statistical analysis. All experiment results were
detected using a two-way analysis of variance (ANOVA) class
t-test with the average of two samples. P<0.05 was considered
to indicate a statistically significant difference.

Results

Comparison of latency time between adult offspring mice in
the NIC group and the CON group. The swimming paths of
the NIC group and the CON group in experiment process were
drawn (Fig. 1). It was obvious that latency time of both groups
was reduced along with an increase of exercise times. In the
place of the navigation test, the latency time of the NIC group
was longer than that of the CON group and the time to reach
the plate for the NIC group was also longer than that of the
CON group (P<0.05) (Figs. 2 and 3; Table I).
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Figure 2. Comparison of total latency time of male mice exposed to nicotine
during pregnancy. C-M, male control group; N-M, male nicotine group.
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Figure 3. Comparison of total latency time of female mice exposed to nico-
tine. C-F, female control group; N-F, female nicotine group.
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Figure 4. The comparison of the spatial probe test between the NIC group
and the CON group. P<0.05, differences were of statistical significance.
C, CON group; N, NIC group.

Comparison of spatial probe test and couterpoint spatial
probe test between the NIC group and the CON group. After
the place navigation test, the plates were withdrawn from
the pool. Frequency of passing the plate of mice in the two
groups within 2 min were detected. Results indicated that the
frequency of passing plate of mice in the NIC group was less
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Figure 5. Comparison of counterpoint spatial probe test between the NIC
group and the CON group. P<0.05, differences were of statistical signifi-
cance. C, CON group; N, NIC group.
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Figure 6. Comparison of the expression level of mRNA of NR1 between the

NIC group and the CON group. P>0.05, differences were of no statistical
significance. C, CON group; N, NIC group.
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Figure 7. Comparison of the expression levels of protein of NR1 between the
NIC group and the CON group. P>0.05, differences were of no statistical
significance. C, CON group; N, NIC group.

than that of the CON group (P<0.05). However, in the spatial
probe test, comparison of the frequency of passing plates
between the two groups revealed that there were no significant
differences (Figs. 4 and 5).

Comparison of levels of mRNA and protein of NRI between
the NIC group and the CON group. The expression levels of
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Figure 8. Comparison of the expression level of mRNA of a7nACh between
the NIC group and the CON group. P>0.05, differences were of no statistical
significance. C, CON group; N, NIC group.
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Figure 9. Comparison of the expression level of protein of a7nACh between
the NIC group and the CON group. P>0.05, differences were of no statistical
significance. C, CON group; N, NIC group.

mRNA and protein of NR1 in the hippocampus tissues of the
NIC group were significantly increased compared to that of
the CON group (P<0.05). Differences were statistically signifi-
cant (Figs. 6 and 7).

Comparison of levels of mRNA and protein of a7nACh
between the NIC and the CON groups. The comparison of the
expression levels of mRNA of a7nACh in the hippocampus
tissues of the adult offspring mice between the NIC group and
the CON group revealed no significant changes (P>0.05) while
the expression levels of protein was significantly reduced than
the CON group (P<0.05). Differences were statistically signifi-
cant (Figs. 8 and 9).

Comparison of the expression level of protein of musca-
rinic receptor between the NIC group and the CON group.
Comparison of the expression levels of protein of M1, M3,
MS5 in hippocampus tissues of adult offspring mice between
the NIC group and the CON group revealed no significant
changes (P>0.05). Differences were of no statistical signifi-
cance (Fig. 10).
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Figure 10. Comparison of the expression level of protein of muscarinic
receptor between the NIC group and the CON group. P>0.05, differences
were not statistically significant. C, CON group; N, NIC group.

Table II. Comparison of hippocampus metabolites between the
NIC group and the CON group.

Relative

products NIC group CON group t-test P-value
Cho/Cr 501033  2.12+0.59 302 P<0.05
NAA/Cr 921+0.62 293+021 293 P<0.05
NAA/(Cho+Cr) 0.38+0.03  0.62+0.16 298 P<0.05

NIC, nicotine group; CON, control group. P<0.05, differences were
not statistically significant.

Comparison of hippocampus metabolites between the NIC
group and the CON group. Metabolites such as NAA and
Cho in the hippocampus tissues of adult offspring mice were
detected using '"H-MRS. Comparison of the metabolites
between the NIC group and the CON group revealed that the
NAA/Cr and Cho/Cr values of the NIC group were higher
than those of the control group. However, the NA A/(Cho+Cr)
value of the NIC group were lower than those of the control
group (P<0.05). Differences were not statistically significant
(Table IT).

Discussion

Nicotine, via blood circulation in the body, finally arrives at the
central nervous system through the BBB. In the central nervous
system, nicotine is mostly combined with nicotinamide cholin-
ergic receptor, which is a relatively special ion channel receptor,
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mainly controlled by a ligand (13). The nACHRs have many
subunits, with each subunit playing a different role. Moreover,
each subunit has different compatibility with nicotine. Related
research has found that in all subunits, 0432 has the strongest
compatibility with the nicotine in the central nervous system.
Receptors are mainly distributed in the hippocampus. The
combination of receptors of various subunits of nicotine will
promote the synthesis and release of multiple neurotrans-
mitters, e.g., glutamic acid. The whole process of learning and
memory is mediated this way (14). Indirect effects of nicotine to
subjects during pregnancy, types of administration, intramus-
cular injection, intravenous injection and direct drinking, may
produce different results. Drugs were administered by direct
drinking in this experiment, which, to some degree, can reduce
the stimulus of intravenous injections to mice during pregnancy
and lactation after pregnancy in many aspects (15). Each preg-
nant mouse drinks ~60 ug/ml nicotine each day, which means
that each pregnant mouse takes in 0.40 mg nicotine each day.
Such dose will not cause a toxic reaction and death of pregnant
and offspring mice. As related to human beings, this dosage
refers to adults weighing 60-65 kg that smoke 15-20 cigarettes
each day. Therefore, the intake of nicotine adopted in this
experiment is feasible and comparable to practice.

The muscarinic receptor plays an important role in the
pathophysiology of human beings (16). It is widely distributed
in the various glands of the human body, such as the cardiac
and smooth muscle. In the process of nerve conduction,
muscarinic receptors may promote system activation and may
inhibit the conduction of nerve excitation (17). In addition,
it can mediate and adjust the highest learning and memory
functions of bodies (18). The muscarinic receptor can be
divided into many subtypes, including M1-M5, and each
subtype playing a different role in the process of learning and
memory of bodies. According to the distribution of muscarinic
receptors in the hippocampus of mice, the M1, M3 and M5
receptors have the widest distribution, while the distribution
of M2 and M4 is relatively sparse. It can be seen that receptors
of M1, M3 and M5 do not cause damage in the process of
nicotine damaging subjects during pregnancy, however, much
more effective evidence is necessary for verification (18). In
addition, in the influencing process of nicotine on mice during
pregnancy, the NMDA receptor also plays an important role. It
mainly maintains the function of nerve conduction. The NMDA
can both promote learning and memory and resist weakening
of learning and memory (19). When plenty of calcium ions
flow internally, the intracellular mitochondria are damaged,
and the death rate of cells is increased, thus the learning and
memory is restrained. This experiment has indicated that the
expression of NR1 at the mRNA and protein levels can reduce
the learning and memory capability of adult mice (20). The
most frequently-used method to detect the related products of
body brain tissue is "H-MRS, the results of which are tested
and verified based on the principle that different products
have different crests. The most typical marker of the neuron is
NAA. In addition, the level of NAA in the body can reflect the
activity of nerve cells. Cho is mainly involved in the synthesis
of cell membrane and mainly reflects the change of amount of
nerve cells. This experiment demonstrated that the nicotine
damage to pregnant mice can cause a reduction of NAA and
Cho levels in the mouse body. 'H-MRS is of great significant in
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detecting the change of metabolites in the brain, especially in
the hippocampus and can provide strong evidence and support
for promoting the influence of nicotine on the learning and
memory of offspring mice. The influence of intake of nicotine
during pregnancy on offspring, whether for body or learning
and memory, is great and non-reversible. Considerable
experimental data indicate that the intake of nicotine during
pregnancy will seriously influence the formation and further
development of the offspring's brain tissue. Therefore, reducing
the intake of nicotine during pregnancy, by active or passive
smoking, should be an issue that deserves much more attention
from the whole society.
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