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Prenatal nicotine exposure induces depression-like
behavior in adolescent female rats via modulating
neurosteroid in the hippocampus
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Abstract. Prenatal nicotine exposure (PNE) is closely related
to depression in offspring. However, the underlying mechanism
is still unclear. We hypothesized that neurosteroid in the hippo-
campus may mediate PNE-induced depression-like behaviors.
Nicotine was subcutaneously administered (1.0 mg/kg) to
pregnant rats twice daily from gestational day (GD) 9 to 20. In
adolescent offspring, PNE significantly increased immobility
time and decreased the sucrose preference in female rats. The
numbers of hippocampal neurons declined in the CA3 and
DG regions. Steroidogenic acute regulatory protein (StAR)
expression was suppressed in female rats. In fetal offspring,
the neuronal numbers of CA3 regions in PNE female fetal
hippocampal were significantly decreased, accompanied by
the enhanced content of corticosterone and StAR expres-
sion. These data indicated that PNE induced depression-like
behavior in adolescent female rats via the regulation of neuros-
teroid levels in the hippocampus.

Introduction

Depression is a group of moods or affective disorders character-
ized by significant and persistent depression or loss of interest.
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According to the World Health Organization, approximately
145 million individuals worldwide suffer from depression (1).
The prevalence of depression has reached 2.4-5.5% in China (2).
The pathogenesis of depression is complex, and the underlying
mechanisms have not been completely clarified. The occur-
rence of depression is associated with individual susceptibility
even in the same external environment. An increasing number
of scholars have paid attention to the influence of poor uterine
environment (smoking, drugs and maternal diseases) on the
susceptibility to depression in offspring (3-5).

According to the Centers for Disease Control and
Prevention (Atlanta, GA, USA), 12.3% of pregnant women
have tobacco smoking experiences (6). Several clinical studies
have observed an increase in mood disorders in children
exposed to tobacco in utero (7). A study on a birth cohort of
1,265 children born in New Zealand found that those children
whose mothers smoked during pregnancy had a higher rate
of psychiatric symptoms (depression) (8). Children of mothers
who smoked during pregnancy demonstrated symptoms of
depression (9), indicating that maternal smoking is capable
of altering the trajectory of neurobehavioral development in
offspring. All of this evidence suggests that depression may
have the origin of intrauterine development, and the suscep-
tibility to depression is closely related to smoking exposure
during pregnancy of the mothers.

Neurosteroids are a type of neurological molecules in the
central nervous system, which are involved in physiological
cortical functions and various pathological phenomena.
Previous research indicates the endogenous overproduction of
neurosteroids in several neuropsychiatric disorders, including
depression (10,11). Neurosteroids are generated from choles-
terol by a series of steps which include the trafficking of
cholesterol to the outer mitochondrial membrane by a process
requiring the involvement of steroidogenic acute regulatory
protein (StAR), and the conversion to pregnenolone by P450
side-chain cleavage enzyme (P450scc) (12,13). The level of
neurosteroids can be modulated by pharmacological agents
such as corticosterone (14) and alcohol (15).

Nicotine is the major psychoactive substance among more
than 4,000 different chemicals found in tobacco (16). Research
has demonstrated that nicotine from inhaled smoke can easily
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distribute to the fetus through the placental barrier (17). Prenatal
nicotine exposure (PNE) has been found to decrease cell numbers
and/or cell size in the hippocampus (18) and alter learning and
memory in rat offspring (19,20). In our previous study, we
demonstrated that PNE suppresses fetal adrenal steroidogenesis
via restraining the expression of steroidogenic enzymes (21).
Thus, we further hypothesized that depression-like behaviors in
adult rats induced by maternal nicotine exposure may be related
to the alteration of neurosteroid levels in the hippocampus.

The present study was designed to verify that PNE-induced
behavior alterations in offspring are associated with changes in
hippocampal morphology and the expression of StAR/P450scc
before and after birth. Our findings may provide more evidence
of the effects of PNE on the development of depression-like
behaviors in adolescent offspring, and further elucidate the
potential mechanisms responsible for nicotine developmental
neurotoxicity via modulating neurosteroid levels in the
hippocampus.

Materials and methods

Chemicals and reagents. Nicotine was purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). A rat
corticosterone (CORT) assay kit was obtained from Assaypro
(St.Charles,MO,USA). The RNA-Solv reagent kit was provided
by Omega Bio-Tek Inc. (Norcross, GA, USA). The reverse
transcription (RT) reagent kit and RT-quantitative polymerase
chain reaction (RT-qPCR) kit were purchased from Takara
Biotechnology Co., Ltd. (Dalian, China). The protein detection
kit was from Bio-Rad Laboratories, Inc. (Hercules, CA, USA).
Polyclonal antibodies against rat StAR were obtained from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), and anti-
bodies against P450scc were obtained from Boster Biological
Technology (Pleasanton, CA, USA). The oligonucleotide
primers of rat StAR and P450scc were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China). Isoflurane was purchased
from Baxter Healthcare Co. (Deerfield, IL, USA).

Animals and treatment. A total of 25 pathogen-free Wistar
rats weighing 180-220 g (20 females) and 260-300 g (5 males)
were obtained from the Experimental Center of Hubei
Medical Scientific Academy (Licence no. 2008-0004; animal
no. 42000600002575; 2014-02-13, Hubei, China). The animals
were allowed to acclimate for 1 week prior to experimentation
under controlled temperature (24+2°C), humidity (50-55%)
and light conditions (12:12-h light/dark cycle; 07:00-19:00 light
phase) and were provided access to rodent chow and water
ad libitum. All animal studies were performed at the Animal
Center of Yangtze University, accredited by the Association
for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC International; Frederick, MD,
USA). All animal experiments were approved by the Ethics
Committee of Yangtze University, School of Medicine
(Jingzhou, China) and performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals of
Yangtze University.

The animals were treated as previously described (22). The
neural tube of the rats takes shape between embryonic days
(ED) 10.5 and ED11 (23,24). The hippocampal primordium
of the rats is composed of neuroepithelium that appears in
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the dorsomedial telencephalon by ED14 (25). Two female
rats were placed together with one male rat overnight for
mating. Gestational day (GD) 0 of mating was determined
by the appearance of sperm in a vaginal smear. Nicotine was
subcutaneously administered (1.0 mg/kg) to pregnant rats
twice per day from GD9 to GD20, and the control group was
sham-treated with the same volume of saline solution. We
administered nicotine from GD9 because we focused on the
development of the fetal rat hippocampus during the period of
rat neural tube development. Thus, the fetal rats were exposed
to nicotine at the day before the neural tube development.
On GD20, a portion of the pregnant rats were anesthetized
with isoflurane and then fetuses were collected by Caesarean
section. Each feto-placental unit was removed quickly from
the uterus. Each group contained 6 pregnant rats, and the litter
size of each pregnant rat was from 8 to 14. The fetal brains
were quickly removed and placed in a chilled brain block for
the dissection of the hippocampus, as previously reported (26).
Another 4 pregnant rats in each group were allowed to deliver
spontaneously at term, and a total of 8-12 pups from each litter
were kept (male:female=1:1). On postnatal day (PD) 21, the
pups were separated from their mothers. The offspring from 4
maternal rats were combined in one group. Sucrose preference
test and open field test were performed from PD29 to PD35.
After the last test on PD35, the animals were anesthetized with
isoflurane. Eight adolescent rats (male:female=1:1) in each
group were randomly selected to be perfused with saline and
then with ice-cold 4% phosphate-buffered paraformaldehyde.
Brains were fixed in 4% paraformaldehyde overnight at a
controlled temperature (24+2°C). The remaining brain were
dissected and stored at -80°C for subsequent use.

Sucrose preference test. According to the previous study (27),
rats were acclimated to two bottles of sucrose solution (1%,
w/v) for 24 h, and one bottle of sucrose solution was replaced
with water for 24 h. On the third day, rats were deprived of
water and food for 23 h, and during the last 1 h, rats were
given free access to two pre-weighed bottles of solution. The
mass of sucrose and water consumed in both bottles was
recorded in grams. The sucrose preference rate was calculated
using the following formula: Sucrose preference rate = sucrose
consumption (g)/[water consumption (g) + sucrose consump-

tion (g)].

Open field test. According to the previous study (28), the
open field test was used to evaluate the locomotor activity
and exploratory behavior. A plywood black wall box of
120x90x30 cm was divided into 25 equal squares. Each rat
was placed individually in the center of the apparatus at the
beginning of the test, and observed for 5 min. The behaviors
of rats were recorded. When both hind legs crossed the line of
a square, the rat was considered to have crossed on to the next
square (crossing). When the forelegs were lifted from the floor,
the animal scored one point. At the end of each open field test,
the cage was carefully cleaned with 75% ethanol and purified
water prior to the test for the next rat, ensuring no possible
inference on spontaneous behavior for the next animal.

Histopathology. Fixed rat brain samples were progressively
dehydrated with ethanol and dimethylbenzene, embedded



MOLECULAR MEDICINE REPORTS 19: 4185-4194, 2019

Table I. Oligonucleotide primers and PCR conditions.
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Annealing
Product  Temperature Time
Genes Forward primer (5'-3") Reverse primer (5'-3") (bp) ) (sec)
StAR GGGAGATGCCTGAGCAAAGC  5GCTGGCGAACTCTATCTGGGT 188 65 30
P450scc GCTGCCTGGGATGTGATTTTC GATGTTGGCCTGGATGTTCTTG 156 68 30
GAPDH  GCAAGTTCAACGGCACAG GCCAGTAGACTCCACGACA 107 63 30

PCR, polymerase chain reaction; StAR, steroidogenic acute regulatory protein; P450scc, P450 side-chain cleavage enzyme; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.

with paraffin, and subjected to sectioning (5 ym thickness).
A total of four sections were assessed in each brain for
histological assay. Neuronal cell loss was assessed via Nissl
staining in 1% thionin at 37°C for 10 min. Neuronal cell
counting in the hippocampus areas CAl, CA3 and DG was
conducted using a light microscope (magnification, x40;
DMi8; Leica Microsystems GmBH, Wetzlar, Germany). For
quantitative assessment of brain injury, cells were counted in 5
non-overlapping regions of interest (ROI) in the hippocampus,
as previously described (29).

Immunohistochemistry. The expression of StAR and P450scc
were assessed by immunohistochemistry. Brains fixed in 4%
paraformaldehyde overnight as previously described, and
then transferred to 30% sucrose in 0.1 mol/l phosphate buffer
(pH 7.4). Sections (5 ym) were treated with 3% H,O, for 10 min
and blocked with 10% normal goat serum (Vector Laboratories,
Inc., Burlingame, CA, USA) for 2 h at room temperature. The
sections were incubated with anti-StAR (1:50; sc-25806, Santa
Cruz Biotechnology, Inc.) and anti-P450scc primary antibodies
(1:50; PB0983, Boster Biological Technology) overnight at 4°C.
The sections were then washed in PBS-0.1% Triton X (PBS-TX)
and incubated with biotinylated goat anti-rabbit secondary anti-
bodies (1:200; PK-6101, Vector Laboratories, Inc.) for 1 h at room
temperature. Following two washes in PBS-TX, the sections
were incubated with horseradish peroxidase (HRP)-avidin-biotin
complex reagent (VECTASTAIN® ABC kit; PK-6101, Vector
Laboratories, Inc.) in PBS-TX for 1 h at room temperature, and
then washed in PBS-TX and reacted in 3,3'-diaminobenzidine
peroxidase substrate (Vector Laboratories, Inc.) for 10 min at
room temperature. Following immunostaining, the sections
were mounted, counterstained with 10% hematoxylin for 5 min
at room temperature, and washed in 0.5% ammonium hydroxide
for 10 min. Sections were left to dry on the bench at room
temperature, and then covered with a coverslip. A minimum of
five random fields per section were examined at a magnifica-
tion of x40 (DMi8) and analyzed using a Medical Color Image
Analysis System (HPIAS-2000 version 2.0; Wuhan Qianli
Technical Imaging Co., Ltd., Wuhan, China).

Corticosterone (CORT) detection. Fetal hippocampus was
homogenized in 20% ethanol in PBS, and then centrifuged at
1,200 x g at 4°C for 5 min. The supernatants were collected
for CORT analysis, and the pellets were resuspended in 1 N

NaOH to measure protein content (21). The cross-reactivity for
the CORT ELISA, as defined by the manufacturer, was 2%
for progesterone and 2% for aldosterone. CORT content was
expressed relative to hippocampus protein measured using the
total protein detection kit.

RNA extraction and RT-gPCR. Total RNA was isolated from
fetal hippocampus using TRIzol® reagent (Thermo Fisher
Scientific, Inc., Waltham, M A, USA) according to the manufac-
turer's protocol. The first strand of cDNA was produced using
a Primescript™ RT reagent kit with genomic DNA Eraser
(Takara Biotechnology Co., Ltd.) according to the manufac-
turer's protocol. mRNA was quantified by qPCR using SYBR
Premix Ex Taq II (Takara Biotechnology Co., Ltd.) and a ABI
7500 Real-Time PCR detection system (Applied Biosystems;
Thermo Fisher Scientific, Inc.) was performed according to a
previously described method (30). Using 20 ul of the reaction
system, the reaction conditions were: Pre-denaturing at 95°C
for 30 sec, and 45 cycles of 95°C for 5 sec and 63-68°C for
30 sec (Table I). Primers were designed using Primer Premier
5.0 (Premier Biosoft International, Palo Alto, CA, USA), and
their sequences are presented in Table I. The mRNA level of
the housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was measured and used as a quantitative
control. The 2-44“4 method was used to quantify the expression
of target genes (31). Experiments were repeated twice.

Western blot analysis. Proteins were prepared using a protein
extraction kit (radioimmunoprecipitation assay lysis buffer;
Beyotime Institute of Biotechnology, Wuhan, China). Total
tissue extracts were quantified using a Bicinchoninic Acid
Protein Assay kit (Beyotime Institute of Technology) with
Synergy 4 (BioTek Instruments, Inc., Winooski, VT, USA). The
samples (50 ug/lane) were separated via 12% SDS-PAGE. The
proteins were transferred onto a nitrocellulose membrane.
The membranes were blocked with 5% non-fat dry milk solu-
tion for 2 h at room temperature and incubated overnight at 4°C
with primary antibodies against StAR (1:500), P450scc (1:500)
and P-actin (1:2,000; cat. no. 4970, Cell Signaling Technology,
Inc.,Danvers, MA, USA). Finally, the membrane was incubated
for 45 min at room temperature with an HRP-conjugated goat
anti-rabbit immunoglobulin G secondary antibody (1:2,000;
sc-2004, Santa Cruz Biotechnology, Inc.). Specific bands were
detected using a BeyoECL Star enhanced chemiluminescence
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Figure 1. PNE induces depressive-like symptoms in adolescent rats. Pregnant rats were subcutaneously administered 1.0 mg/kg nicotine twice per day from
GD9 to 20. The pregnant rats were allowed to deliver spontaneously at term. The offspring were subjected to OFT and SPT at PD29. (A) Immobility time in
OFT. (B) Horizontal movement in OFT. (C) Sucrose preference in SPT. The data are expressed as mean + standard error of the mean; n=16-20 offsprings;

“P<0.05 vs. control. PNE, prenatal nicotine exposure; GD, gestational day; OFT, open field test; SPT, sucrose preference test; PD, postnatal day.

f_’ 150, B2 Central
< Em Nicotine
Q.
c
g
o o 100
s E
0 o
e g 50
=
2=
E o
3 Male Female
=
-
L] £ Contral
G 9% mm Nicoline
[&]
= § 80 Pe0.OT -
& g so
T ™
% § a0
gz 20
E
S
2 Male Female
-~ =3 Control
g 180, HE Nicotine
a
-
£8
o E 100
E o
g
e
2=
E .
=z Male Female

Figure 2. Morphological evaluation of Nissl staining in CA1, CA3 and DG regions of the hippocampus in adolescent rats. (A-C) Morphology of the hippo-
campus in male control group (magnification, x40). (D-F) Morphology of the hippocampus in male PNE (magnification, x40). (G-I) Morphology of the
hippocampus in female control group (magnification, x40). (J-L) Morphology of the hippocampus in female PNE (magnification, x40). Arrows indicate the
dissolved Nissl bodies. (M-O) The number of cells in CA1, CA3 and DG of rat hippocampus. Five sections of each group were selected and five random fields
of each section were scored. The data are expressed as mean + standard error of the mean; n=4 offsprings; “P<0.05,"P<0.01 vs. control. PNE, prenatal nicotine

exposure.

kit (Beyotime Institute of Biotechnology). Band densities were
analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Inc.,
Rockville, MD, USA).

Statistical analysis. Data were analyzed using SPSS 17 (SPSS
Inc., Chicago, IL, USA) and GraphPad Prism 6 (GraphPad
Software, La Jolla, CA, USA). Data are presented as the
mean =+ standard error of the mean of at least three experi-
ments. Comparisons between two groups were made using the
Student's t-test. Statistical significance was set at P<0.05.

Results

PNE induces depression-like symptoms in offspring rats.
Behavioral data obtained from the open field test and sucrose

preference test are presented in Fig. 1. The result showed that
PNE significantly prolonged immobility time (P<0.05; Fig. 1A)
and decreased the sucrose preference (P<0.05; Fig. 1C) in
female rats compared to the control group. However, male rats
did not show any significant changes in regards to immobility
time and sucrose preference (Fig. 1A). The horizontal move-
ment in the open field did not differ significantly between the
control and PNE group (P>0.05; Fig. 1B) both in the male and
female rats.

PNE induces hippocampal morphological changes in
offspring rats. Hippocampus pathomorphology was evalu-
ated using Nissl staining. As shown in Fig. 2A-C and G-I, in
normal rat hippocampus, the pyramidal cells and the granular
cells were arranged in a neat and dense manner. Compared
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Figure 3. Effects of PNE on the expression of StAR and P450scc by immunohistochemistry and semi-quantitative analysis in hippocampus of adolescent rats.
(A-C) Protein expression of StAR in male hippocampus in the control group (magnification, x40). (D-F) Protein expression of StAR in male hippocampus
in the PNE group (magnification, x40). (G-I) Protein expression of StAR in female hippocampus in the control group (magnification, x40). (J-L) Protein
expression of StAR in female hippocampus in the PNE group (magnification, x40). (M-O) Protein expression of P450scc in male hippocampus in the control
group (magnification, x40). (P-R) Protein expression of P450scc in male hippocampus in the PNE group (magnification, x40). (S-U) Protein expression of
P450scc in female hippocampus in the control group (magnification, x40). (V-X) protein expression of P450scc in female hippocampus in the PNE group
(magnification, x40). (Y and Z) quantification of StAR and P450scc from the immunohistochemical staining. Five sections of each group were selected and
five random fields of each section scored. The data are expressed as mean + standard error of the mean; n=4 offsprings. "P<0.05, “P<0.01 vs. control. PNE,
prenatal nicotine exposure; StAR, steroidogenic acute regulatory protein; P450scc, P450 side-chain cleavage enzyme.

to that in the control group, the arrangement of cell layers in
the PNE group was sparse and Nissl substance was decreased
or dissolved (Fig. 2E and K). The numbers of hippocampal
neurons were significantly decreased in PNE group rats,
especially in the CA3 and DG regions of female rats (P<0.01
and P<0.05; Fig. 2N and O). Male rat offspring also showed
decreased hippocampal neurons in the CA3 region compared
with the control group animals, though the difference was not
statistically significant (P=0.07; Fig. 2N).

PNE decreases expression of hippocampal StAR/P450scc
in offspring rats. StAR and P450scc are essential for the
production of steroid hormones including cortisol, aldo-
sterone and dehydroepiandrosterone sulfate (12,32). The
protein expression of StAR/P450scc was determined using
immunohistochemistry. Immunohistochemical analysis
with anti-StAR (Fig. 3A-L) and anti-P450scc (Fig. 3M-X)
specific antibody showed positive staining in the cytoplasm.
Semi-quantitative assay results also indicated the decreased
protein expression of StAR in the hippocampal CA1, CA3 and
DG regions of PNE female rats compared to the control group,
while StAR expression only decreased in the DG region of
PNE male rats (P<0.05, P<0.01; Fig. 3Y). No significant differ-
ences in the protein expression of P450scc was observed in the
hippocampus between the control and PNE rats (Fig. 3Z).

PNE induces hippocampal morphological changes in
fetal rats. Fetal hippocampus pathomorphology in CAl,
CA3 and DG regions were evaluated using Nissl staining.
Compared to that in the control group, the cell layer in PNE
rats exhibited irregular cell arrangement and light staining
(Fig. 4D, E and L); the number of neurons was significantly
decreased in the fetal hippocampus, especially in CA3 regions
(P<0.05, P<0.01; Fig. 4N).

PNE promotes female fetal hippocampus steroidogenesis.
ELISA and RT-qPCR were used to detect the content of
CORT and the mRNA expression of StAR/P450scc in fetal
hippocampus. Compared to control animals, female fetal
rats from the PNE group showed increased CORT content
and StAR expression in the hippocampus (P<0.05, P<0.01),
while no significant differences in CORT content and StAR
expression were observed in the male fetal hippocampus
(Fig. 5A, B and D). The mRNA and protein expression of
P450scc did not differ in the PNE and control fetal hippo-
campus (Fig. 5C and D).

Discussion

Adverse events in brain development have lasting effects on
brain function and emotional development (33-35), which



4190 ZHANG et al: NICOTINE-INDUCED NEUROSTEROID DYSFUNCTION MEDIATES DEPRESSION-LIKE BEHAVIOR

M :°:m 2007 mm Control
Xz 9 Nicotine
e E 150
il
§ & 100
o8
Eg 50
£z
E o
=z Male Female
N s 150, 8 Contro
2w | ™ Nicotine
O a
EE L -
- ® 1004
s 8
- &
S E 5o
3 -
£3
E -
z o
Male Female
g s '997 mm Control
8 @ 0 Nicotine
£ & 1001
2 o
88
5 £ s0-
i3
Male Female

Figure 4. Morphological evaluation of Nissl staining in CAl, CA3 and DG regions of hippocampus in fetal rats. (A-C) Morphology of the hippocampus in
the male control group (magnification, x400). (D-F) Morphology of the hippocampus in the male PNE group (magnification, x400). (G-I) Morphology of
the hippocampus in the female control group (magnification, x400). (J-L) Morphology of the hippocampus in the female PNE group (magnification, x400).
(M-0O) Number of cells in CA1, CA3 and DG of fetal rat hippocampus. Five sections of each group were selected and five random fields of each section scored.
The data are expressed as mean = standard error of the mean, n=6 pregnant rats; "P<0.05, “P<0.01 vs. control. PNE, prenatal nicotine exposure.
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Figure 5. Effects of PNE on fetal hippocampus steroidogenesis. Pregnant rats were subcutaneously administered 1.0 mg/kg nicotine twice per day from GD9
to 20. The hippocampus was dissected and collected at GD20. The hippocampal samples from each litter were counted as one sample. (A) The level of hippo-
campus CORT content was determined using ELISA. (B) The mRNA expression of StAR was assessed using RT-qPCR. (C) The mRNA expression of P450scc
was assessed using RT-qPCR. (D) StAR and P450scc protein expression was assessed via western blot analysis. The data are expressed as mean =+ standard
error of the mean; n=6 pregnant rats. ‘P<0.05, “P<0.01 vs. control. PNE, prenatal nicotine exposure; GD, gestational day; CORT, corticosterone; StAR,
steroidogenic acute regulatory protein; P450scc, P450 side-chain cleavage enzyme.

may result in the increase of the sensitivity to the progres-  able to affect the immature neural circuitry and increase the
sion of mood disorders (8,36). Gestational exposure to many  susceptibility to depression (5,27,37). Studies on both humans
xenobiotics, such as drugs and environmental chemicals, is  and animals confirmed that prenatal nicotine exposure (PNE)
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induced depressive symptoms in offspring (8,38-40). In the
present study, our data manifested the significant increase in
immobility time in the open field test and the sucrose prefer-
ence rate in the sucrose preference test in female offspring rats
exposed to nicotine during pregnancy. This finding suggested
that PNE could induce the depression-like symptom in adoles-
cent female rats. The limitation of this study is that the open
space test is often used to assess depressive behavioral changes,
yet, the tail suspension test may be better to observe the immo-
bility time. Although our previous studies confirmed that
PNE induced intrauterine growth retardation (IUGR) (21,41),
which were referred to as developing baby weighs 10% or two
standard deviations less than the mean body weight of normal
babies at the same gestational age (42). As the model of nico-
tine exposure during pregnancy is relatively stable (21,22), the
weight of offspring was not included in this experiment.

The hippocampus exerts an important function in cogni-
tion and mood regulation by modulating anxiety states and
depression (43). The gestational period of rats spans 21 days,
which is developmentally equivalent to the first two trimes-
ters of human gestation. Many critical developmental events
occur during this period, including the appearance of nico-
tinic acetylcholine receptors (nAChRs) (44), the generation
of most neuronal cell groups and early synaptogenesis (45).
Postnatal development of rats and mice in the first 4 weeks
is a crucial phase during which DG neurogenesis and granule
cell maturation occur (46,47). In order to focus on the critical
time, the period of PNE was selected from GD9 to GD20 and
brain samples were collected at PD35 in our animal model.
Research has found that PNE suppresses DNA synthesis in
rat brains (48), reduces fetal brain weight when pregnant rats
are treated with nicotine from early and middle gestation (34).
PNE increased the expression of mRNA of fetal brain a7
nAChRs (34); a7 nAChRs are associated with the increased
cell death of immature neurons (49). Thus, a7 nAChRs could
increase the vulnerability to the cytotoxic effects from nicotine
in immature neurons. In the present study, the Nissl staining
results showed that the fetal hippocampal CA3 region exhibited
pathomorphological changes in PNE offspring, which lasted to
the adolescent period. Our observation was in agreement with
previous studies which demonstrated that PNE induces patho-
morphological changes in infants and offspring (50,51). Loss
of cells in the central nervous system could be due to various
reasons, including reduced proliferation, loss of progenitor
pools, or increased apoptosis due to neurotoxic agents (52,53).
In the present study, we observed loss of hippocampal cells
in the CA3 and DG regions of female progenies; however, the
female fetus exhibited a decreased number of cells in CA3, but
not DG. This evidence suggested that progenitor cell numbers
are not affected in general, but the loss of mature neurons of
CA3 could be the reason for the behavioral changes observed.
Secondary neurogenesis of the rat hippocampus has not yet
reached maturity by P29 or P35 (47); in the present study, the
existence of delayed brain development could not be confirmed
in the PNE group, as various marker proteins, which are
expressed during distinct periods of neurodevelopment, were
not detected.

Neurosteroids play a key role in depression. Animal studies
have demonstrated that fluoxetine, which is widely used as an
antidepressant, could enhance the levels of allopregnanolone
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(neuroactive steroid) in rat brain (54), while direct adminis-
tration of allopregnanolone alleviated depressive behaviors
in animal models of depression (55). Recent studies have
found that overexpression of hippocampal translocator protein
(TSPO), which functions in the shuttling of cholesterol to the
inner mitochondrial membrane, produced antidepressant-like
behavioural effects in mice (56). The result suggested that
TSPO-mediated allopregnanolone synthesis is associated
with depression. Previous research has shown that CORT
synthesized in hippocampal neurons may play a role in the
modulation of synaptic plasticity (57). Few studies have looked
into the relation of PNE and CORT in the hippocampus. The
brain expresses the rate-limiting enzyme of steroidogenesis,
StAR and P450scc, which are essential for the production of
steroid hormones including cortisol, aldosterone and dehy-
droepiandrosterone sulfate (DHEAS) (58,59). StAR mediates
the translocation of cholesterol from the outer to the inner
mitochondrial membrane, which is the initial and rate-limiting
step in adrenocortical steroid biosynthesis, while P450scc
cleaves the cholesterol side chain, converting cholesterol
to pregnenolone, the precursor of androgens, estrogens and
progesterone (59). Our data showed that PNE suppressed
StAR expression in CAl, CA3 and DG regions of adolescent
female rats and only in DG regions of adolescent male rats.
However, there was differential change that the level of CORT
and the expression of StAR in female fetal hippocampus of
the PNE group were increased. The result implies that PNE
should decrease the cholesterol transport from the outer to the
inner mitochondrial membrane and StAR expression changes
in DG regions of adolescent male rats are not related to behav-
ioral changes. Although the expression of StAR proteins in
the fetal or adolescent hippocampus was detected respectively
by western blotting and immunohistochemistry, it was not the
reason for the inconsistent expression changes of StAR in fetal
and adolescent stages. We prefer to do immunohistochemistry
to observe changes in protein expression, because it can clearly
assess the protein change in different region. Due to limited
samples, we regret that we did not do immunohistochemistry
of the fetal hippocampus. PNE transiently increased StAR and
CORT in the fetal hippocampus, which may be a feedback
neuroprotective mechanism against neurotoxic effects of nico-
tine. After birth, increased a7 nAChRs consistently caused
neuronal injury during the period of hippocampal neurogen-
esis. At this point we can only speculate that PNE-induced
change in StAR and CORT in the rat hippocampus is associ-
ated with offspring depression-like behavior.

It is known that depression is affected by sex, age and
hormonal status in humans and animals. Women have a
higher prevalence of depression than men in general, but the
differences fade away slowly in aged populations (60,61).
Brain-derived neurotrophic factor (BDNF)-knockout mice
were used as another model of depression and showed marked
gender differences. Female rats but not male rats exhibited
depression-related behaviors (62). The study on sex-dependent
effects of nicotine on developmental brain mainly focus on
the nAChR and sex hormones (63). Some studies suggest that
sex-based differences in depression may result from alterations
in hormonal levels (64). Previous research has demonstrated
that females are more sensitive than males to the effects of
nicotine (65). Evidence suggests that nicotine/nAChR has
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crosstalk with estrogen or estrogen receptors (66,67). In
this study, we only found that PNE induced depression-like
behavior in female adolescent rats but not in male rats, and that
the level of CORT in the female hippocampus was different
from that noted in the male. PNE was found to suppress StAR
expression in the CA3 region of adolescent female rats and
not male rats. Therefore, we speculate that the behavioral and
histopathological changes in only female mice due to nicotine
were via StAR expression in the CA3 region. Taken together,
we found a sex difference in PNE offspring rats and demon-
strated that female offspring rats were more susceptible to
depression during PNE. However, the complicated molecular
mechanisms are far from clear, and further investigation is
needed.

In conclusion, the common gestational exposure factor,
nicotine, was used as our study model, and the findings
demonstrated that PNE caused damage to hippocampus
neurons, led to neurosteroid disorders in the hippocampus of
fetal and adolescent female rats, and enhanced depression-like
behaviors in female adolescent rats. We speculate that the
neurosteroid level is the primary reason for the depression-like
behavior changes observed in female progenies. These sex
differences via neurosteroid level may confer sex-biased risk
for those related to mental health. Our results provide further
insight into our understanding of nicotine developmental
toxicity.
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