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Cigarette smoking during pregnancy is associated with various disabilities in the offspring such as attention deficit/hyperactivity disorder,
learning disabilities, and persistent anxiety. We have reported that nicotine exposure in female mice during pregnancy, in particular from
embryonic day 14 (E14) to postnatal day 0 (P0), induces long-lasting behavioral deficits in offspring. However, the mechanism by which
prenatal nicotine exposure (PNE) affects neurodevelopment, resulting in behavioral deficits, has remained unclear. Here, we report that PNE
disrupted the proliferation of neuronal progenitors, leading to a decrease in the progenitor pool in the ventricular and subventricular zones.
In addition, using a cumulative 5-bromo-20-deoxyuridine labeling assay, we evaluated the rate of cell cycle progression causing the
impairment of neuronal progenitor proliferation, and uncovered anomalous cell cycle kinetics in mice with PNE. Accordingly, the density of
glutamatergic neurons in the medial prefrontal cortex (medial PFC) was reduced, implying glutamatergic dysregulation. Mice with PNE
exhibited behavioral impairments in attentional function and behavioral flexibility in adulthood, and the deficits were ameliorated by
microinjection of D-cycloserine into the PFC. Collectively, our findings suggest that PNE affects the proliferation and maturation of
progenitor cells to glutamatergic neuron during neurodevelopment in the medial PFC, which may be associated with cognitive deficits in the
offspring.
Neuropsychopharmacology (2016) 41, 578–589; doi:10.1038/npp.2015.186; published online 22 July 2015
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INTRODUCTION

Several reports have associated cigarette smoking during
pregnancy with neurobehavioral impairments, including
attention deficit/hyperactivity disorder (AD/HD), learning
disabilities, cognitive dysfunction, and persistent anxiety in
the offspring (Pagani, 2014). Nicotine, among the inhaled
components of cigarette smoke, is thought to be the main
effector of these behavioral impairments because of its actions
on nicotinic acetylcholine receptors (nAChRs) in the develop-
ing fetal and mature brain (Pauly and Slotkin, 2008). nAChRs,
which are pentameric ligand-gate cation channels made up of

homomeric or heteromeric subunit combinations (α2-α9, β2-
β4), are widely distributed in the nervous system including
fetal brain. The most abundant nAChR subtype is the α4β2
heteromer in the brain, a homomeric α7 assembly being the
other major subtype. Overstimulation of nAChRs by nicotine
may have varied developmental influences that are dependent
on the pharmacologic properties and localization of the
receptors (Dwyer et al, 2008).
In rodents, prenatal nicotine exposure (PNE) has been

shown to induce abnormal behaviors such as hyperlocomo-
tion (Zhu et al, 2012) and impairment of emotion (Alkam
et al, 2013a), cognitive function (Alkam et al, 2013b), and
attention (Schneider et al, 2011). Thus, PNE may bring about
long-lasting changes in the brain structure and function of the
fetus (Dwyer et al, 2009; Pagani, 2014). In addition, exposure
to nicotine during pregnancy from nicotine replacement
therapy, as well as active and passive smoking, is becoming
an increasingly serious issue worldwide (Pauly and Slotkin,
2008). Despite the identification of fetal exposure to nicotine
as a significant risk factor for these and other afflictions of the
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brain, the mechanism underlying PNE-induced brain dys-
function remains obscure.
It is well known that all neurons, astrocytes, and

oligodendrocytes, which form the adult nervous system,
originate ultimately from progenitor cells located in the
ventricular zone (VZ) of the embryonic neural tube.
Most neurons in the cerebral cortex are glutamatergic
excitatory neurons, and the remainders are GABAergic
inhibitory neurons. As cortical development proceeds, these
neurons are tightly regulated, dynamically migrate, and form
layered structures (Gupta et al, 2002; Marin and Muller, 2014;
Tabata et al, 2012) Accordingly, if the formation of the brain
layers is affected by an adverse event such as chemical
exposure, birth complications, hypoxia, or viral infection
during the critical periods of fetal brain development, the
exposed offspring may have an increased possibility of
suffering from various brain disorders (Herr et al, 2011;
Mitsuhashi et al, 2010; Vuillermot et al, 2012).
We have recently demonstrated that PNE, in particular

from embryonic day 14 (E14) to postnatal day 0 (P0),
impairs cognitive and emotional behaviors (Alkam et al,
2013a, b). In the present study, we investigated the mech-
anism by which PNE impairs neurodevelopment, resulting in
long-lasting behavioral deficits. We have previously analyzed
the plasma cotinine levels, a metabolite of nicotine, in dam
and pups on the day of delivery, under the same schedule of
PNE employed in the present study (Alkam et al, 2013a). The
results suggested that PNE under our experimental condition
provided similar levels of plasma nicotine in pregnant dams
with those found in typical smokers who absorb systemically
about 20 mg nicotine daily on the average United States
cigarette consumption of 17 cigarettes per day (Matta et al,
2007). With regard to the duration of PNE, we previously
examined the effects of pre- and perinatal nicotine exposure
in six different time windows including E0-E14, E14-P0,
E0-P0, E14-P7, E0-P7, and P0-P7. The most severe
behavioral deficits were evident in offspring who exposed
to nicotine during the time windows of E14-P0 (Alkam et al,
2013a, b).
In this study, we report that PNE affects the rate of cell

cycle progression in neuronal progenitors and consequently
impairs cell proliferation via the activation of α7 nAChRs,
leading to the decrease of glutamatergic neurons in the
medial prefrontal cortex (medial PFC). Of note, the cognitive
deficits induced by PNE are ameliorated by treatment with
an N-methyl-D-aspartate (NMDA) receptor partial agonist,
D-cycloserine (DCS).

MATERIALS AND METHODS

Animals and Procedure for PNE

Pregnant dams of C57BL/6J mouse strain on embryonic
day 13 (E13) were obtained from Japan SLC (Japan) and
were single-housed in plastic cages bedded with sawdust
(1 cm thick) in a regulated environment (24± 1 °C, and
50± 5% humidity), with a 12-h light/dark cycle (lights on at
0800 h, off at 2000 h). Food (CE2; Clea Japan, Japan) and tap
water were available ad libitum. The day of vaginal plug
detection was considered as E0 and the day of birth as
postnatal day 0 (P0). All of the experimental procedures
described below were in full compliance with the Guidelines

for Animal Experiments of Meijo University and NIH
guidelines (National Institutes of Health publication 85-23,
revised 1996) for the care and use of laboratory animals.
PNE was performed as described previously (Alkam et al,

2013a, b). Briefly, the pregnant mice were given 200 μg/ml
nicotine (free base, Sigma, USA) in 2% sucrose sweetened tap
water or 2% sucrose solution (control) from E14 to P0
(starting at 0900 h on E14). We have previously demonstrated
that the pregnant mice drink 9.31± 0.94ml/day of 2% sucrose
solution and 5.06± 0.42 ml/day of 200 μg/ml nicotine solution,
under the same schedule of PNE in the present study. There
was no difference in the number of pups born alive and the
sex ratio between control and PNE groups (Alkam et al,
2013b). After weaning on P28, offspring were separated by
gender, and then randomly assigned to groups for all
experiments to be performed at 8–16 weeks of age. In the
experiments described below, age-matched two or three litters
were used in each group, and the test was repeated using more
than three independent batches to reduce the influence of any
litter-related effects on the data.

Determination of Glutamate and GABA by
High-Performance Liquid Chromatography

Each brain sample was weighed and homogenized in
methanol containing 3-amino-1-propanesulfonic acid as an
internal standard. Following the centrifugation, the sample
was derivatized by ortho-phthalaldehyde containing
2-mercaptoethanol and injected into an high-performance
liquid chromatography (HPLC) system equipped with a
FA-3ODS column (Eicom, Japan) and electrochemical
detector (Shen et al, 2014).

In Vivo Microdialysis

A dialysis probe (D-I-3-01; 1 mm membrane length; Eicom)
was implanted into the PFC (AP: +1.9 mm; ML: +0.4mm
from bregma, DV: − 2.0mm from the dura) according to the
atlas (Franklin and Paxinos, 2008). Ringer’s solution (147mM
NaCl, 4 mM KCl, and 2.3mM CaCl2) was continuously
perfused (1.0 μl/min) starting 2 days after implantation of the
dialysis probe. The dialysates were collected every 10min and
analyzed by HPLC. Six samples were taken to establish the
baseline level of extracellular glutamate. For depolarization
stimulation, Ringer’s solution containing 50mM KCl was
delivered through the dialysis probe for 20min to measure
the K+-evoked release of glutamate (Murai et al, 2007).

5-Bromo-20-Deoxyuridine Injection Schedules

Pregnant mice were injected intraperitoneally with 50 mg/kg
5-bromo-20-deoxyuridine (BrdU; Sigma) in saline (SAL).

Migration assay (laminar fate of progenitor cells). For
labeling neural progenitors cycling through the S-phase in
E13 embryos, pregnant mice were injected with BrdU (at
1500 h on E13) 18 h before nicotine exposure (starting at
0900 h on E14). A single injection of BrdU was given on E14,
E15, or E16 (each at 1500 h) during nicotine exposure. Brains
were collected on P7 or postnatal week 8–10 (adult) (Toriumi
et al, 2012).
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Cumulative BrdU labeling. To determine the effect of
nicotine on the overall length of the cell cycle (Tc), the
length of S-phase (TS), and the proportion of cells that were
actively cycling, ie, the growth fraction (GF), we performed
cumulative BrdU labeling in E14 embryos by giving pregnant
mice repeated injections of BrdU (at 2 h intervals over a
period of 20.5 h), simultaneous with the start of nicotine
exposure, based on published methods (Fukumitsu et al,
2006). The last BrdU injection was given 30 min before
decapitation (see Supplementary Figure S2A). For estimating
the total cell number, cell nuclei were stained with propidium
iodide (PI) (Invitrogen, Carlsbad, CA, USA). A labeling
index (LI) was expressed as the ratio of area of BrdU+/PI+

cells per area of total cells (PI+ cells) in VZ and
subventricular zone (SVZ). Area of total cells in VZ and
SVZ was defined between the lateral ventricle and the pial
surface, and measured by the imaging software (Dynamic
cell count BZ-H1C; KEYENCE, Japan). The maximum LI or
GF is attained when all of the cycling cells have passed into
S-phase.

Preparation of Brain Slices and Staining

Adult offspring were anesthetized with urethane and
perfused transcardially with ice-cold phosphate-buffered
saline (PBS), followed by 4% paraformaldehyde in PBS.
After cryoprotection in 30% (w/v) sucrose, coronal sections
20 μm thick were cut with a cryostat (Micro-edge Instru-
ments, Japan). Embryonic brains were cut 8 μm thick
(Aoyama et al, 2014).
For immunohistochemical staining, the sections were

incubated in 100% methanol for 30min and permeabilized
with 0.1% Triton X-100 in 0.1M Tris-HCl for 30min at 37 °C,
and then subjected to antigen retrieval by antigen unmasking
solution (Vector Labs, Burlingame, CA, USA) at 100 °C for
2 min. The primary antibodies used were as follows: anti-GLS
(1 : 250; Abcam), anti-NeuN (1 : 2000; Millipore), anti-BrdU
(1 : 10; from BrdU Labeling and Detection Kit, Roche), anti-
Pax6 (1 : 500; MBL), anti-proliferation cell nuclear antigen
(PCNA) (1 : 5000; Dako), and anti-Tbr2 (1 : 500; Abcam)
antibodies. Fluorescently conjugated secondary antibodies
(Alexa Fluor 488 and 546; Invitrogen) were used. Terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick-end
labeling (TUNEL) staining was performed according to the
manufacturer’s instructions (Roche).

Image Acquisition and Analysis

Brain section images were acquired with a confocal
microscope (LSM510; Carl Zeiss, Jena, Germany) or a light
microscope (Biorevo BZ-9000; KEYENCE), and the number
of immune-positive cells was measured in a region of interest
by the imaging software WinRoof (Mitani, Japan). Immune-
positive cells were counted in either the right or left
hemispheres of at least three different sections for each
brain area. The cell counts were performed within a
rectangular grid of known area that encompassed each zone
of the cerebral wall so that the number of immune-positive
cells could be expressed as the number per unit area for each
zone. The average of these determinations for each section
was defined as the number of immune-positive cells within a
specified area in the individual brain. The average of these

values for the individual brain was used for statistical
analysis. This procedure was performed by an individual
blinded to the treatment conditions (Niwa et al, 2010;
Penagarikano et al, 2011).

Behavioral Analysis

All behavioral tests were performed between 1000 and 1800 h.
Behavioral experiments were performed in a sound-
attenuated and air-regulated experimental room, in which
mice were habituated for more than 1 h. Methods for the
object-based attention test (Alkam et al, 2011), the marble-
burying behavior test (Njung'e and Handley, 1991), the
elevated plus-maze test (Pellow et al, 1985), the fear
conditioning test (Kaczorowski et al, 2012; Morgan et al,
1993) and the latent inhibition test (Moser et al, 2000) are
provided in the Supplementary information section.
Mice were administered DCS (30 mg/kg, s.c.; Sigma),
dissolved in SAL, 30min before the beginning of the
following behavioral experiments. For microinfusion, mice
were bilaterally implanted with a guide cannula in the PFC
(15° angle from AP: +1.7mm; ML: ± 1.0mm from Bregma,
DV: − 1.5mm from the dura). DCS (5 nmol per 0.5 μl/
bilaterally) was injected into each PFC through an infusion
cannula (6.0mm, 0.35 mm in diameter; Eicom), which was
connected to a microsyringe mounted on an infusion pump
10min before the behavioral test. The doses of DCS for
systemic administration and microinjection were determined
according to the previous reports (Murai et al, 2007; Yamada
et al, 2009).

Statistical Analysis

All data except for the cell cycle kinetics data were expressed
as the mean± SEM. The difference among three or more
groups was analyzed for statistical significance by one-way,
two-way, or two-way repeated-measures analysis of
variance (ANOVA), followed by Bonferroni’s multiple-
comparison test. Statistical significance of differences between
two groups was determined with Student’s t-test. A Po0.05
was regarded as statistically significant. Cell cycle parameters
with 95% confidence limits were calculated using a liner
fit procedure (Prism 5; GraphPad Software, San Diego,
CA, USA). A significant difference in cell cycle parameters
was obtained when comparisons presented non-overlapping
95% limits.

RESULTS

PNE Reduced the Density of Glutamatergic Neurons in
the Medial PFC

To explore the possible cause of behavioral deficits in mice
with PNE (PNE mice), we first measured glutamate content
in the frontal cortex of adult PNE mice. Glutamate content in
the frontal cortex was significantly lower in PNE mice than
control mice, while there was no difference in GABA content
between the two groups (Figure 1a: Po0.01 by Student’s
t-test). In other brain regions such as the nucleus accumbens,
striatum, hippocampus, amygdala, and cerebellum, gluta-
mate and GABA contents were not significantly different
between the control and the PNE mice (Supplementary
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Table S1). To further investigate glutamatergic function in
PNE mice, depolarization-evoked glutamate release in the
PFC was investigated by microdialysis. The basal level of
extracellular glutamate in the PFC was significantly lower in
PNE mice than control mice, but there was no difference
between the two groups in the response to potassium
(50 mM) stimulation (Figure 1b: basal glutamate levels,
Po0.05 by Student’s t-test; depolarization-evoked glutamate
release, two-way repeated-measures ANOVA, Fgroup (1,14)=
0.0054, P= 0.94; Ftime (6,84)= 7.77, Po0.01; Finteraction (6,84)=
0.28, P= 0.94). Next, we checked the density of glutamatergic
neurons in the medial PFC of PNE mice by immunohisto-
chemical analysis. GLS2 was used as a glutamatergic
neuronal marker, because it is detected only in pyramidal
neurons, and not in GABA-immunoreactive neurons or in
nonpyramidal neurons (Kaneko and Mizuno, 1994). Gluta-
matergic neurons (NeuN+/GLS2+), among neuronal cells
(NeuN+), was significantly decreased in PNE mice compared
with control mice (Figure 1c: Po0.01 by Student’s t-test).
These results suggest that PNE may impair neurogenesis in
especially glutamatergic neuron, resulting in hypoglutama-
tergic function in the medial PFC in adulthood.

PNE Impaired Neurogenesis but not Neuronal Migration

Glutamatergic pyramidal neurons in the cerebral cortex,
generated in the cortical VZ and SVZ, migrate radially to
their appropriate position, resulting in the formation of the
cortical layers in an inside-out manner (Dehay and Kennedy,
2007). It has been reported that defect of neuronal migration
is associated with the reduction of neuronal cells in mice
(Penagarikano et al, 2011). If neural migration was impaired
by PNE, the ectopic distribution of neurons might lead to
a decrease in the density of glutamatergic neurons in the
medial PFC. To verify this possibility, we performed a
migration assay using BrdU, which is incorporated into
newly synthesized DNA and therefore labeling newborn cells
at the time of injection. Pregnant mice were injected with
BrdU once either on E13, E14, E15, or E16, and the BrdU+

cells in the brains of offspring were counted on P7
(Figure 2a) or in adulthood (8–10 weeks old) (Figure 2b).
The BrdU+ cells distributed normally in the medial PFC with
an inside-out pattern, and there were no apparent differences
between the control and PNE mice (two-way repeated-
measures ANOVA). However, the density of BrdU+ cells
labeled on E14, E15, and E16 was significantly decreased by

Figure 1 PNE reduced the density of glutamatergic neurons in the medial PFC. (a) Glutamate and GABA contents in the frontal cortex of control (n= 14 at
the age 10–12 weeks consists of seven males and seven females) and PNE prenatal nicotine exposure mice (n= 12 at the age 10–12 weeks consists of five
males and seven females). (b) Basal extracellular glutamate level and the high potassium (50 mM) stimulation-evoked glutamate release were measured in the
PFC of control (n= 8 at the age 12–16 weeks consists of four males and four females) and PNE mice (n= 8 at the age 12–16 weeks consists of four males
and four females). (c) NeuN- and GLS-immunostained coronal sections of the medial PFC in control and PNE mice. Quantitative analysis of the density of
NeuN- and NeuN/GLS-stained cells was shown (n= 11 for control mice at the age 10–12 weeks consists of four males and seven females, n= 11 for PNE
mice at the age 10–12 weeks consists of four males and seven females). Values are the means± SEM. *Po0.05, **Po0.01 vs corresponding control mice
Scale bar: 100 μm.
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PNE on P7, and the changes persisted until adulthood
(Figure 2c: Po0.01 by Student’s t-test). PNE-induced
decrease in BrdU+ cells on E14 was evident 30 min after
BrdU administration in the proliferative zones (Figure 2d),
and was attenuated by pretreatment with 5 mg/kg methylly-
caconitine (MLA), a nAChR α7 antagonist, but not dihidro-
β-erythroidine (DHβE), a nAChR α4β2 antagonist
(Figure 2d: one-way ANOVA, F (7,40)= 12.72, Po0.01). At
this time, TUNEL+ cells were not observed in the medial PFC
from the E14 control and PNE embryos (Supplementary
Figure S1). These results suggest that α7 nAChRs mediate
decreased proliferation of neuronal progenitors in the VZ
and SVZ layers by PNE. It is less likely that apoptosis is

induced by PNE treatment. Because neither MLA nor DHβE
affected BrdU labeling in control mice, it is suggested that
activation of α4β2 and α7 nAChRs by endogenous ACh has
little effects on mitosis of neuronal progenitors and BrdU
transport to fetal brain under control condition.

PNE Reduced the Density of Neuronal Progenitors in the
VZ and SVZ

Three main types of cortical neuronal progenitors have been
identified to be involved in corticogenesis: radial glial
cells, short neural precursors, and intermediate progenitor
cells (Dehay and Kennedy, 2007). Both the short neural

Figure 2 PNE impaired neurogenesis but not neuronal migration. (a, b) PNE did not affect laminar destination of cells generated on E13–E16 in the P7 or
adult. Fluorescence images of BrdU+ cells and distribution of BrdU+ cells, labeled on E13–E16, in the medial PFC of control and PNE mice at each distance
from the pial surface are shown (n= 6–8 for control mice consists of 3–5 males and 3–4 females, n= 6–8 for PNE mice consists of 3–5 males and 3–4
females). To label mitotic progenitors in the embryonic brains, the pregnant mice were given a single BrdU injection on E13, E14, E15, or E16, and then their
offspring brains were collected on (a) postnatal day 7 or (b) adult at the age 8–10 weeks. (c) Quantitative analysis of the density of BrdU+ cells is shown
(n= 6–8 for control mice consists of 3–5 males and 3–4 females, n= 6–8 for PNE mice consists of 3–5 males and 3–4 females). **Po0.01 vs corresponding
control mice. (d) Reduction of BrdU+ cells in the proliferative zones that migrate to form the medial PFC of PNE mice was blocked by nAChRs α7 antagonist,
but not α4β2 antagonist. Pregnant mice were given a single BrdU injection 15 min after pretreatment with MLA or DHβE on E14, and then were killed 30 min
later. Fluorescence images of BrdU+ cells in the proliferative zones that migrate to form the medial PFC are shown. Quantitative analysis of the density of
BrdU+ cells in control and PNE mice pretreated with MLA or DHβE are shown (n= 3–6 for control mice, n= 6–8 for prenatal nicotine exposure mice).
Values are the means± SEM of at least three independent experiments. *Po0.05 vs SAL-treated control mice, ##Po0.01 vs SAL-treated PNE mice. LV: lateral
ventricle. Scale bar: 100 μm.
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precursors and radial glia divide at the ventricular surface
and express the transcription factor, Pax6. On the other
hand, the intermediate progenitor cells divide away from the
ventricular surface and are located in the SVZ, and express
the transcription factor, Tbr2. Pax6 and Tbr2 are expressed
sequentially in the neurogenesis of glutamatergic neurons
(Englund et al, 2005). To investigate whether stimulation of
nAChRs affects the neuronal precursor pool for neurogen-
esis, we estimated the number of these neural progenitors in
the VZ and SVZ. The number of BrdU+, Tbr2+, and Pax6+

cells in control mice progressively decreased as the gestation
period increased from E14 to E18. The gestation period-
associated decrease in the number of progenitors was
significantly facilitated by PNE, especially for BrdU+ cells.
Likewise, Tbr2+ basal progenitors and Pax6+ neural pro-
genitors were significantly decreased in PNE mice in compa-
rison with control mice (Figure 3: BrdU, Fgroup (1,30)= 26.50,
Po0.01; Fage (2,30)= 76.65, Po0.01; Finteraction (2,30)= 0.32,
P= 0.73; Tbr2, Fgroup (1,36)= 25.56, Po0.01; Fage (2,36)=
174.87, Po0.01; Finteraction (2,36)= 0.0080, P= 0.99; Pax6,

Figure 3 PNE reduced the density of neuronal progenitors in the VZ and SVZ. On E14, E16, or E18 mice were decapitated during nicotine exposure.
The pups were analyzed by immunohistochemical analysis using anti-BrdU antibody as a marker of proliferarion, anti-Tbr2 antibody as a marker for intermediate
progenitors in the SVZ, anti-Pax6 antibody as a marker for neuronal progenitors in the VZ, anti-PCNA as a marker of proliferation, and anti-pH3 as a marker of
mitosis. Typical images of BrdU-, Tbr2-, Pax6-, PCNA-, and pH3-positive cells are shown on the left side of panels. Values are the means± SEM of at least three
independent experiments (n= 6–7 for control mice, n= 6–7 for PNE mice). **P o 0.01 vs control mice. LV: lateral ventricle. Scale bar: 100 μm.
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Fgroup (1,30)= 15.28, Po0.01; Fage (2,30)= 906.83, Po0.01; and
Finteraction (2,30)= 0.87, P= 0.43). Furthermore, PCNA+ and
pH3+ (a proliferative cell marker and a mitosis cell marker,
respectively) cells were also significantly decreased as a
function of gestation period in control mice, and the effect
was facilitated by PNE (Figure 3: PCNA, Fgroup (1,36)=
15.80, Po0.01; Fage (2,36)= 365.70, Po0.01; Finteraction (2,36)=
0.13, P= 0.88; pH3, Fgroup (1,30)= 29.30, Po0.01;
Fage (2,30)= 284.96, Po0.01; Finteraction (2,30)= 1.80, P= 0.18).
These results suggest that PNE facilitates the gestation
period-dependent downregulation of neural progenitors,
which may lead to the decrease in glutamatergic neurons
in the medial PFC.

PNE Disrupted the Cell Cycle in Neuronal Progenitors

To further explore the reason underlying the decrease in
proliferation of neural progenitors in PNE mice, the cell cycle
length of E14 cortical progenitors in PNE mice was
determined by cumulative BrdU labeling (Supplementary
Figure S2 and Table 1). The regression lines and coefficients
obtained from the linear fit were significantly
different between the control and PNE mice (Supple-
mentary Figure S2B: slope, Fgroup (1,5)= 1.49, P= 0.28;
Ftime (1,5)= 589.69, Po0.01; Finteraction (1,5)= 14.81, Po0.05;
intercept, Fgroup (1,6)= 10.52, Po0.05; Ftime (1,6)= 180.30,
Po0.01). Cumulative BrdU labeling of the E14 cortex
revealed that the total cell cycle length (Tc) of the cortical
progenitors was significantly longer in PNE mice (22.37 h,
95% confidence interval (CI): 20.19–23.65 h) than control
mice (15.38 h, 95% CI: 14.50–18.25 h). This was partly
caused by elongation of the S-phase (Table 1). These
observations suggested that PNE disrupted cell cycle kinetics
of progenitors, leading to impairment of proliferation.

PNE-induced Cognitive Deficits were Ameliorated by
Treatment with DCS in Adulthood

Finally, we investigated whether activation of glutamatergic
neurotransmission ameliorates behavioral deficits induced
by PNE. In the LI test to investigate the effects of PNE on
attentional shifting and cognitive flexibility (Labrie et al,
2010; Vuillermot et al, 2012), PNE mice exhibited normal LI
response as did control mice under a 2CS-US protocol (data
not shown). An increase in conditioning trials from the 2CS-
US to 4CS-US protocol abolished LI in control mice, whereas
LI continued to be present in PNE mice (Figure 4a: two-way
repeated-measures ANOVA, Fgroup (3,38)= 12.09, Po0.01;
Ftime (2,76)= 115.35, Po0.01; Finteraction (6,76)= 3.71, Po0.01).

In the auditory fear conditioning test (Figure 4b), PNE
did not affect the acquisition (day 1) or expression and
extinction (day 2) of the learned fear response to the tone.
However, in the following recall phase (day 3), PNE mice
showed higher levels of freezing than control mice
(Figure 4b: day 3 (recall phase), two-way repeated-measures
ANOVA, Fgroup (3,45)= 56.50, Po0.01; Ftrial (2,90)= 19.39,
Po0.01; Finteraction (6,90)= 1.21, P= 0.31). Sensitivity to foot
shock, which served as the aversive stimulus, were indis-
tinguishable (control mice: 56.1± 3.9 μA, n= 28; PNE mice:
53.0± 3.4 μA, n= 30; P= 0.55 by Student’s t-test). Several
reports have suggested that glutamatergic malfunction in the
PFC has an important role in cognitive and attentional
deficits in the above-mentioned behavioral experiments
(Arnsten et al, 2010; Burgos-Robles et al, 2007; Labrie et al,
2010). To verify this possibility, we examined whether the
facilitation of glutamatergic neurotransmission by the
NMDA receptor partial agonist, DCS, was able to improve
the behavioral deficits induced by PNE. Systemic adminis-
tration of DCS (30 mg/kg, s.c.) ameliorated the attentional
deficits in PNE mice in the object-based attention test
(Figure 4c: exploratory preference in the retention
session, two-way ANOVA, Fgroup (1,64)= 18.90, Po0.01;
Ftreatment (1,64)= 12.34, Po0.01; Finteraction (1,64)= 16.32,
Po0.01) and anxiety-like behavior in the marble burying
(Figure 4d: two-way ANOVA, Fgroup (1,64)= 3.56, P= 0.064;
Ftreatment (1,64)= 2.02, P= 0.16; Finteraction (1,64)= 7.57,
Po0.01) and elevated plus-maze tests (Figure 4e: open
arm entries, two-way ANOVA, Fgroup (1,64)= 7.98, Po0.01;
Ftreatment (1,64)= 6.35, Po0.05; Finteraction (1,64)= 2.57,
P= 0.11). Furthermore, to test if hypoglutamatergic function
in the PFC had a crucial role in the behavioral abnormalities
induced by PNE, PNE mice received bilateral microinjec-
tions of DCS into the PFC 10min before the extinction
session of the auditory fear conditioning test. DCS-treated
PNE mice showed a significantly attenuated freezing
behavior in the recall phase, compared with SAL-treated
PNE mice (Figure 4f: day 3 (recall phase), two-way repeated-
measures ANOVA, Fgroup (3,39)= 7.09, Po0.01; Ftrial (2,78)=
21.04, Po0.01; Finteraction (6,78)= 0.54, P= 0.78), despite both
groups of mice exhibiting similar extinction behavior on day
2 (Figure 4f). The DCS microinjections into the PFC had
little effect on the anxiety-like behavior in PNE mice in the
elevated plus-maze test (Figure 4g: open arm entries, two-
way ANOVA, Fgroup (1,39)= 22.04, Po0.01; Ftreatment (1,39)=
1.10, P= 0.30; Finteraction (1,39)= 1.21, P= 0.28), while systemic
treatment with DCS ameliorated it (Figure 4e). These results
suggest that glutamatergic dysfunction in the PFC may

Table 1 Cell Cycle Parameters (h) of Cortical Progenitors in Control and PNE Embryos

Cell cycle parameters (h)

Tc–Ts (95% CI) Ts (95% CI) Tc (95% CI) GF (%) (±SEM)

Control 9.46 (8.52–10.90) 5.92 (3.60–9.73) 15.38 (14.50–18.25) 71.31±1.03

PNE 12.29 (11.29–13.69) 8.91 (6.50–12.36) 22.37 (20.19–23.65) 71.42± 1.97

Abbreviations: CI, confidence interval; GF, growth fraction; PNE, prenatal nicotine exposure; Tc, total length of the cell cycle; Ts, length of the S-phase.
These values are determined by calculating from the regression lines indicated in Supplementary Figure S2B. Ts is given by the projection of LI= 0 on the x axis
(x-intercept). The projection of the maximum LI=GF onto the x axis gives Tc–Ts.
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contribute to cognitive deficits but not other emotional
alterations in PNE mice.

DISCUSSION

In the developing brain, nAChRs have been implicated
in neuronal proliferation, apoptosis, migration, and

differentiation (Dwyer et al, 2008, 2009). Accordingly,
nicotine is likely to affect these processes during neurode-
velopment, depending on the dose, developmental stage, and
tissue or cell type. In fact, many studies have demonstrated
that nicotine exposure affects neuronal proliferation, apop-
tosis, migration, and differentiation in progenitor cells
(He et al, 2013; Shingo and Kito, 2005; Takarada et al, 2012).

Figure 4 PNE-induced cognitive deficits were ameliorated by treatment with DCS in adulthood. (a, b) PNE mice exhibited cognitive deficits in the latent
inhibition and fear conditioning tests in adulthood. (a) Freezing to tone under a 4CS-US protocol in the latent inhibition test was measured 24 h after the
conditioning (n= 10 for control mice at the age 10–12 weeks consists of four males and six females, n= 11 for PNE mice at the age 10–12 weeks consists of
four males and seven females). **Po0.01 vs corresponding NPE group, ##Po0.01 vs PE-control group. (b) Freezing to tone in the conditioning (day 1),
extinction (day 2), and recall (day 3) phases were measured in the fear conditioning test (n= 7–16 for control mice at the age 10–12 weeks consists of 5–8
males and 2–8 females, n= 9–17 for PNE mice at the age 10–12 weeks consists of 7–10 males and 2–7 females). **Po0.01 vs corresponding groups,
##Po0.01 vs control group. (c–e) Systemic administration of DCS ameliorated behavioral deficits in PNE mice (n= 18 for control mice at the age 10–
14 weeks consists of 6–9 males and 9–12 females, n= 16 for PNE mice at the age 10–14 weeks consists of 8–10 males and 6–8 females). DCS (30 mg/kg, s.c.)
was administered to the PNE mice 30 min before these behavioral experiments. (c) Object-based attention test. Exploratory preference (left side panel) and
total approach time (right side panel) were measured during a 3-min session. (d) Marble-burying test. Hidden marbles were counted during a 15-min session.
(e) Elevated plus-maze test. Open arm entries (left side panel) and total arm entries (right side panel) were measured during a 5-min session. **Po0.01 vs
SAL-treated control mice, ##Po0.01 vs SAL-treated PNE mice. (f, g) Microinjections of DCS into the PFC ameliorated cognitive deficits but had little effect on
the anxiety-like behavior in PNE mice (n= 11–12 for control mice at the age 12–16 weeks consists of 5–6 males and six females, n= 10 for PNE mice at the
age 12–16 weeks consists of five males and five females). (f) In the fear conditioning test, DCS (5 nmol per 0.5 μl/bilaterally) was injected 10 min before the
extinction trials. (g) In the elevated plus-maze test, DCS (5 nmol per 0.5 μl/bilaterally) was injected mice 10 min before the beginning of the test. **Po0.01 vs
SAL-treated control mice, ##P o 0.01 vs SAL-treated PNE mice. Values are the means± SEM. Abbreviations: CS, conditioned stimulus; No-Ext, No-
extinction; NPE, non-pre-exposed; N.S., not significant; PE, pre-exposed; US, unconditioned stimulus.
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For instance, Takarada et al (2012) demonstrated that in
undifferentiated neural progenitors, continuous exposure
to nicotine led to a significant decrease in the capability to
form neurospheres and subsequently accelerated neuronal
differentiation. Another study showed that chronic admin-
istration of nicotine inhibited hippocampal neurogenesis
in vivo, but had little effect on the differentiation of neuronal
progenitors (Shingo and Kito, 2005). In a recent study,
PNE was reported to reduce the cingulate cortex volume in
mice (Zhu et al, 2012), as observed in AD/HD subjects
(Makris et al, 2010), implying that the reduced thickness of
cortical layers may be associated with the decrease in
cell number induced by PNE. In addition, previous
studies have demonstrated that nAChRs including α4β2
and α7 are expressed in progenitor cells in embryonic
mouse brain (Dwyer et al, 2008). These studies support our
present findings that α7 nAChRs mediate the decreased
proliferation of neuronal progenitors by PNE in the VZ
and SVZ layers on E14 (Figure 2 and Supplementary
Figure S1). Since this is a single and early time-point of
PNE, further studies are required to extrapolate the nAChR
mechanism to either proliferation on E15 onwards or
survival of these cells.
Nicotine can act as either a pro-apoptotic or anti-apoptotic

agent, depending on the target cells investigated, the
concentration used and the period of time it is applied
(Dwyer et al, 2008; Zeidler et al, 2007). For example, the
apoptotic effects of nicotine have been observed both in vivo
and in vitro in the developing brain (Abreu-Villaca et al,
2004; Qiao et al, 2003). Continuous exposure to nicotine has
been reported to have little effect on cell survival in neural
progenitors in vitro (Takarada et al, 2012). Recent studies
using DNA microarrays have shown that gestational nicotine
exposure affects gene expression associated with cell adhe-
sion and cell death/survival in the brains of adolescent rats
(Cao et al, 2011, 2013; Wei et al, 2011). Although the effect of
nicotine on neuronal migration has not yet been studied in
detail, it has been reported that exposure to nicotine with
intermittent hypoxia during gestation inhibited neuronal
migration while nicotine alone (without intermittent hypox-
ia) had no effect (Zechel et al, 2005). These previous results
are consistent with our present findings (Figure 2 and
Supplementary Figure S1). In this study of BrdU labeling on
E13, cell mitosis may be not affected but cell survival and
migration could be affected by PNE from E14 to P0 since the
cell counting was conducted on P7 or in adulthood. As a
result shown in Figure 2c, there was no difference in the
number of BrdU+ cells labeled on E13 between control and
PNE groups on P7, suggesting that PNE has little effects on
neither cell survival or migration, but more detailed
experiments, especially to test the effect on apoptosis, are
needed in the future study.
During the development of the cerebral cortex, neuronal

progenitor cells generate neurons by asymmetric and
symmetric division (Tabata et al, 2012). Radial glial cells
expressing Pax6 undergo symmetric proliferative division to
amplify the progenitor pool, but also undergo asymmetric
division to generate neurons, or a distinct class of
progenitors, the short neural progenitors and intermediate
progenitors that express Pax6 and Tbr2, respectively (Marin
and Muller, 2014). Short neural progenitors and intermediate
progenitors undergo symmetric division to produce pairs of

neurons. These neurons migrate radially to the proper site,
resulting in the formation of a layered structure with an
inside-out pattern (Gupta et al, 2002). It has been established
that changes in the number of neurons in the individual
layers correlates with changes in the rate of neuron
production (Dehay and Kennedy, 2007). In the present
study, we found that PNE reduced the density of BrdU+ cells
(Figure 2d), in which mainly symmetric, proliferative
division of neuronal progenitors were underway. In fact,
we confirmed the enhanced downregulation due to PNE of
both types of neural progenitors in the VZ and SVZ
depending on the gestation period (Figure 3).
In the cortical progenitors, proliferation and growth arrest

are regulated by a balance of extrinsic and intrinsic signals
that direct the entry, progression into, and exit from the cell
cycle. Specifically, it has been found that the number of
neurons derived from the progenitor cells is determined by
two cell cycle parameters: the rate of cell cycle progression
and the balance between cell cycle re-entry and exit (Dehay
and Kennedy, 2007). Many studies have demonstrated that
dysregulation of the cell cycle in proliferating cells impacts
not only the number of neurons, cytoarchitecture and brain
development, but also adult behavior (Lee et al, 2008;
Mitsuhashi et al, 2010; Wu et al, 2014). There are contra-
dictory reports regarding the effect of nicotine on the cell
cycle. Although some groups have reported that nicotine
stimulates the cell cycle progression of vascular smooth
muscle cells, lung epithelial cells, pre-osteoblastic cells (Chu
et al, 2005; Sato et al, 2008), others have demonstrated that
nicotine has an inhibitory effect in lymphocytes and
neurospheres (Takarada et al, 2012). It is plausible that
nicotine may impinge on cell cycle progression in distinct
cell types through different mechanisms. In our present
study, cumulative BrdU labeling demonstrated that both the
S-phase and entire cell cycle were longer in PNE mice than in
the control group (Supplementary Figure S2 and Table 1).
Our findings suggest that PNE in mice inhibits cell cycle
progression of neuronal progenitor cells in vivo.
Lastly, we conducted pharmacological experiments with

DCS, an NMDA receptor partial agonist, to see if the
cognitive and emotional impairments in PNE mice were due
to hypofunction of glutamatergic neurons in the PFC. We
showed that PNE impaired attentional function and
behavioral flexibility in adulthood, as evident by enhanced
LI and deficient extinction recall (Figure 4a and b). Several
mental disorders including AD/HD and schizophrenia
exhibit impairment of attentional function and behavioral
flexibility, which is associated with malfunction of the PFC
(Leech and Sharp, 2014). In particular, neuronal dysfunction
in the medial PFC is linked to cognitive function (Maren
et al, 2013), social activity (Wall et al, 2012), and anxiety-like
behavior (Adhikari et al, 2011).
DCS is reported to have some positive effects in treating

patients with neuropsychiatric disorders such as post-
traumatic stress disorder, social anxiety, as well as schizo-
phrenia (Chue and Lalonde, 2014; Riaza Bermudo-Soriano
et al, 2012). Furthermore, DCS facilitates fear extinction and
modulates extracellular signal-regulated kinase signaling and
ionotropic glutamate receptor protein expression in the
medial PFC and amygdala in rats (Gupta et al, 2013).
Consistent with these previous findings, we found in the
present study that DCS microinjections into the PFC
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restored deficient extinction recall in the fear conditioning
test (Figure 4f), but had no effect on the anxiety-like behavior
in the elevated plus-maze test (Figure 4g), while systemic
administration of DCS ameliorated both attentional deficits
and anxiety-like behavior (Figure 4c–e). In addition to these
behavioral data, we found that the glutamate content, basal
level of extracellular glutamate, and the density of glutama-
tergic neurons were decreased in the PFC of PNE mice in
adulthood (Figure 1). Thus, we assume that glutamatergic
neurotransmission via NMDA receptors is impaired in PNE
mice. Although we focused on glutamatergic neurodevelop-
ment and function in the PFC in this study, we should
explore the roles of GABAergic interneurons and investigate
the potential contribution of brain regions other than the
PFC. It would be also important to determine whether
treatment with α7 nAChR antagonist for pregnant dams that
received nicotine exposure during pregnancy could have
some protective effects on the development of behavioral
deficits in the offspring since the α7 nAChR antagonist MLA
attenuated the PNE-induced decrease in BrdU+ cells in the
brains of offspring.
Taken together, our present findings suggest that PNE

inhibits the cell cycle progression of neuronal progenitor
cells, which could be associated with the reduction of
glutamatergic neurons in the PFC in adulthood. The reduced
glutamatergic function in the PFC may contribute to the
development of aberrant behaviors such as deficient extinc-
tion recall in PNE mice, because microinjections of DCS into
the PFC improved this behavioral deficit. Anxiety-related
behavior in PNE mice was ameliorated by systemic
treatment with DCS, but not by microinjections into the
PFC. Accordingly, hypofunction of glutamatergic neurons in
brain regions other than the PFC may be involved in the
emotional deficits induced by PNE (Riaza Bermudo-Soriano
et al, 2012). For example, some studies reported that PNE
altered glutamatergic neurotransmission in the hippocampus
and amygdala, contributing to the abnormal neurobehavioral
outcomes (Jiang and Role, 2008; Parameshwaran et al, 2012).
One of the issues regarding PNE model used in the present

study is that pregnant mice drinking nicotine solution ingest
approximately half of the liquids of those drinking vehicle
(2% sucrose), the result being consistent with previous
studies (Alkam et al, 2013b; Pauly et al, 2004). Accordingly,
one might concern that PNE mice are malnourished (too
little water during development), which could contribute to
the observed effects in the offspring. We believe, however,
this is less likely because food was freely available during
PNE from E14 to P0, and food intake and body weight of
dam were not different between control and PNE groups.
Further, there was no difference in the number and body
weight of pups between control and PNE groups (Alkam
et al, 2013b; Pauly et al, 2004). Nevertheless, to exclude the
possible contribution of malnutrition in PNE-induced brain
dysfunction in the offspring, further studies to analyze
nutritional status of PNE mice would be required.
Our behavioral findings have two implications. First, our

working hypothesis for the mechanism of brain dysfunction
induced by PNE is supported by the behavioral and
pharmacological experiments with DCS as discussed above.
Second, and most importantly, our findings also suggest that
NMDA receptor partial agonists may be a novel and effective
treatment for impaired attentional function, behavioral

flexibility, and anxiety in patients with AD/HD or schizo-
phrenia (Chue and Lalonde, 2014; Rapp et al, 2013).
Accordingly, further studies using the PNE mouse model
are warranted to clarify the pathophysiology and to provide
the conceptual framework for drug discovery in neuropsy-
chiatric disorders such as AD/HD and schizophrenia.
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