
Differential Responses of Hippocampal Neurons and Astrocytes
to Nicotine and Hypoxia in the Fetal Guinea Pig

Tamara Blutstein1,2,*, Michael A. Castello1,*, Shaun S. Viechweg1, Maria M. Hadjimarkou1,
Joseph A. McQuail1, Mary Holder1, Loren P. Thompson3, and Jessica A. Mong1,2

1Department of Pharmacology, University of Maryland School of Medicine, Baltimore, MD
2Program in Neuroscience, University of Maryland School of Medicine, Baltimore, MD
3Department of Obstetrics, Gynecology, and Reproductive Sciences, University of Maryland
School of Medicine, Baltimore, MD

Abstract
In utero exposure to cigarette smoke has severe consequences for the developing fetus, including
increased risk of birth complications and behavioral and learning disabilities later in life. Evidence
from animal models suggests that the cognitive deficits may be a consequence of in utero nicotine
exposure in the brain during critical developmental periods. However, maternal smoking exposes
the fetus to not only nicotine but also a hypoxic intrauterine environment. Thus, both nicotine and
hypoxia are capable of initiating cellular cascades, leading to long-term changes in synaptic
patterning that have the potential to affect cognitive functions. The present study investigates the
combined effect of in utero exposure to nicotine and hypoxia on neuronal and glial elements in the
hippocampal CA1 field. Fetal guinea pigs were exposed in utero to normoxic or hypoxic
conditions in the presence or absence of nicotine. Hypoxia increased the protein levels of matrix
metalloproteinase-9 (MMP-9) and synaptophysin and decreased the neural density as measured by
NeuN immunoreactivity (ir). Nicotine exposure had no effect on these neuronal parameters but
dramatically increased the density of astrocytes immunopositive for glial fibrillary acidic protein
(GFAP). Further investigation into the effects of in utero nicotine exposure revealed that both
GFAP-ir and NeuN-ir in the CA1 field were significantly reduced in adulthood. Taken together,
our data suggest that prenatal exposure to nicotine and hypoxia not only alters synaptic patterning
acutely during fetal development, but that nicotine also has long-term consequences that are
observed well into adulthood. Moreover, these effects most likely take place through distinct
mechanisms.
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INTRODUCTION
Maternal cigarette smoking during pregnancy is a significant, yet preventable, risk factor to
the health and development of a fetus. Complications long associated with maternal smoking
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during pregnancy include low birth weight, a higher risk for Sudden Infant Death Syndrome,
and increased tendency to develop behavioral and learning disabilities, including Attention
Deficit and Hyperactivity Disorder (Gaither et al. 2009; Ginzel et al. 2007; Martin et al.
2008; Slotkin 1998; Suzuki et al. 2008; Winzer-Serhan 2008). Nicotine is a significant
component of cigarette smoke that easily crosses the placental barrier, enters the fetal
circulatory system, and spreads throughout the developing organs (Lambers and Clark
1996). In addition to nicotine, smoking mothers inhale significant amounts of carbon
monoxide that interferes with the ability of their circulatory system to efficiently deliver
oxygen to tissues resulting in a reduced oxygen (hypoxic) environment for the fetus (Rees et
al. 2008).

Much research has been conducted to investigate the effects of nicotine on the developing
fetal brain, (reviewed in (Ginzel et al. 2007; Slotkin 1998)), while many other studies have
examined the developmental effects of hypoxia, usually with regards to preterm births
(reviewed in (Barrett et al. 2007). Nicotine is capable of mimicking acetylcholine,
interacting with nicotinic acetylcholine receptors (nAChRs) in both the heart and brain
(Slotkin et al. 1999). High levels of nicotine exposure as a result of maternal smoking leads
to increased stimulation of these receptors, aberrant neuronal maturation and increased
expression of nAChR subunit mRNA (Slotkin 1998; Lv et al. 2008). This early disruption of
nAChRs leads to long-term functional impairments, including an impaired ability to respond
to stimuli and learn an auditory-cued task (Liang et al. 2006; Ginzel et al. 2007). In addition,
preterm exposure to hypoxia can result in reduced catecholamine levels, decreased gray
matter in the cerebral cortex and an increased risk of fetal death (Ginzel et al. 2007; Inder et
al. 2005; Barrett et al. 2007).

Taken together, the above suggest that prenatal exposure to either nicotine or hypoxia has
serious consequences for the developing fetus. However, actual cigarette smoking by
pregnant mothers exposes the developing fetus to both nicotine and a hypoxic environment,
making it important to examine the effects of both in combination. We have developed an
experimental model that allows us to examine the effects of nicotine and hypoxia both
individually and in combination. To more completely examine the effects of maternal
cigarette smoking, pregnant guinea pigs were exposed to either (i) normoxic conditions with
normal drinking water, (ii) normoxic conditions with nicotine in the drinking water, (iii)
hypoxic conditions with normal drinking water, or (iv) hypoxic conditions with nicotine in
the drinking water.

Previous work using this model has shown that maternal exposure to either hypoxia (Oh et
al. 2008) or nicotine (Thompson et al. 2011) increases the expression and/or activity of
MMP-2 and MMP-9 in the fetal heart. Matrix metalloproteinases (MMPs) are zinc-binding
peptidases that function to remodel the extracellular matrix through cleavage (Zitka et al.
2010). Additionally, MMPs also play a role in the regulation of signaling events via
cleavage of cell surface molecules (reviewed in (Klein and Bischoff 2011)). MMPs are
present in both the developing and adult brain, and contribute to neurogenesis, stabilization
of synapses and dendritic spines, as well as aiding and promoting synaptic remodeling
(Candelario-Jalil et al. 2009; Ethell and Ethell 2007; Wojcik et al. 2009). In rats, maternal
hypoxia late in gestation increases the activity of MMP-2 and MMP-9 in neonatal brains
(Tong et al. 2010). However, it is not currently known whether in utero exposure to nicotine
or nicotine plus hypoxia induces similar changes in MMPs in the fetal brain. Here, we
explored this question and its potential consequences for synaptic patterning.

We focused our investigation on the hippocampus as it plays an important role in learning
and memory (Squire 1992), and early damage to the hippocampus is likely responsible for
some of the long-term cognitive deficits resulting from maternal smoking (Hallak et al.
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2000). The hippocampus contains a large number of nAChRs, which have been shown to
change in response to nicotine treatment and affect synaptic plasticity (Hernandez-Morales
and Garcia-Colunga 2009; Placzek et al. 2009). Additionally, maternal hypoxia has been
reported to cause significant damage localized to the hippocampus (Hallak et al. 2000).

The present study examines the combined effects of nicotine and hypoxia on both neuronal
and glial elements in the hippocampus and assesses the long-term consequences with the
aim of more completely understanding the mechanism by which maternal smoking affects
fetal development.

MATERIALS AND METHODS
Justification of Species

All procedures and animal care were in accordance with the guidelines of the University of
Maryland Institutional Animal Care and Use Committee and conform to the Guide for the
Care and Use of Laboratory Animals published by US NIH Publication No. 85-23, 1996. In
short gestation species such as the rat and mouse, which are commonly used systems for
CNS development, the majority of mid to late stage events (growth surge) occur postnatally.
In long-gestational animals, like the guinea pig and human, this growth spurt occurs in utero,
beginning mid gestation and finishing, shortly after birth (Byrnes et al. 2003; Dobbing and
Sands 1970). This pattern of brain development in the guinea pig more closely resembles
that of the humans, including cerebral development, maturation of amino acid concentration
and brain esterases, and myelination, making it an ideal system for modeling human CNS
development (Lagnado and Hardy 1967; Oja et al. 1968; Slavin et al. 1997).

Fetal Studies
Female Duncan-Hartley guinea pigs were purchased from a commercial breeder (Harlan
Sprague Dawley, Indianapolis, IN) and time-mated in our animal facility. Animals were
housed in the animal facility and given free access to food and water. Typically, the
gestational duration of these animals is 65 days. Starting on gestational day (GD) 52 until
GD 62 the pregnant guinea pigs were administered either water or nicotine bitartrate
dehydrate (NIC, 200ug/ml; Sigma, St. Louis, MO) in the drinking water. We chose this time
point as (1) earlier exposures to nicotine increased the risk of spontaneous abortions and (2)
this period corresponds to the prenatal brain growth spurt of the guinea pig developing brain.
Also beginning on GD 52, half of the pregnant dams from each of the aforementioned
groups were placed in a plexiglass chamber containing 10.5% O2 for 10 days (HPX) as
previously described (Oh et al. 2008). This level of hypoxia is sufficient in reducing fetal
body weight without inducing spontaneous abortion in the pregnant guinea pig. The other
half were designated as normoxic controls and housed under normal room air (NMX; 21%
O2). Each treatment group contained 4–7 pregnant females and yielded 4–7 pups per
treatment group.

On GD 62 (near term), pregnant mothers were anesthetized with ketamine (80 mg/ kg) and
xylazine (1 mg/kg) and given lidocaine subcutaneously along the midline of the abdomen.
An abdominal incision was made and fetuses removed via hysterectomy. Fetal blood was
obtained via cardiac puncture from anesthetized fetuses via a 25-gauge syringe needle and a
1 ml tuberculin syringe, and fetal serum cotinine levels were measured (Cotinine Direct
ELISA, Bio-Quant, San Diego, CA) as an index of fetal nicotine distribution following
maternal ingestion. Brains were harvested and flash frozen or submersion fixed for 3 days in
4% paraformaldehyde and 2.5% acrolein in phosphate buffered saline (PBS). At the time of
harvesting, brain weights were recorded. To insure a proper fixation of the hippocampal
regions, the brain was blocked into 2–3mm slabs that contained the hippocampus. Following
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fixation, the brains were sucrose embedded for 3 days with 30% sucrose in PBS. After
sucrose embedding, the brains were frozen on dry ice and stored at −80°C until processed
for immunocytochemistry. On a technical note, the animals were not transcardially perfused
with fixative because the peripheral organs including the heart were harvested for a separate
study (Thompson et al. 2011).

Adult Studies
In the experiment to address programming effects of prenatal exposure to nicotine the dams
were allowed to deliver naturally and the pups raised in normal control conditions until
postnatal day 90. On that day, animals (n=4 for vehicle, n=5 nicotine) were anesthetized
with ketamine (80 mg/ kg) and xylazine (1 mg/kg) and transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde and 2.5% acrolein in PBS. The brains were
removed, post-fixed overnight in the paraformaldehyde/acrolein fixative. Following post-
fixation the brains were sucrose embedded for 3 days with 30% sucrose in PBS. After
sucrose embedding, the brains were frozen on dry ice and stored at −80°C until processed
for immunocytochemistry.

Western Blots
Animals were treated as described above (n=5 per treatment group); the brains were
collected and flash frozen in a dry ice-cooled bath of 2-methylbutane (Sigma) and stored at
−80°C until processed. The brains were sectioned in the coronal plane into 350μm slabs
with a cryostat and the CA1 region was micropunched according to the Palkovits
micropunch procedure (Palkovits M 1988). Micropunches were homogenized via sonication
in buffer containing 1% NP-40 (Sigma), 0.5% sodium deoxycholate (Sigma), 0.1% SDS
(Quality Biological, Inc, Gaithersburg, MD), 150 mM NaCl, and 50 mM Tris HCl (pH8). At
the time of homogenization, a protease inhibitor cocktail (0.1 mg/ 100 mL of aprotinin,
leupeptin and pepstatin; 1 mm phenylmethylsulfonyl fluoride) was added. Protein
concentration was determined using a bicinchoninic assay kit (Pierce, Rockford, IL). Protein
(15μg) was loaded into a 10% Tris-glycine SDS-PAGE gel (Invitrogen, Carlsbad, CA).
Electrophoresis and blotting was performed using a polyvinyl difluoride membrane
(Invitrogen). The membranes were washed in 20 mM Tris-buffered saline solution with
0.05% Tween 20 (T-TBS). For MMP-9 (rabbit polyclonal antibody Chemicon International
Inc, Temecula, CA), membranes were blocked in 5% powdered milk in T-TBS for 1 h at
room temperature and washed three times in T-TBS before being incubated in primary
antibody solution (T-TBS, 1:2,000) overnight at 4°C. For synaptophysin (mouse
monoclonal, BD Biosciences, San Jose, CA), membranes were blocked overnight in 5%
milk in T-TBS, washed three times in T-TBS, and incubated in primary antibody solution
(T-TBS, 1:30,000) for 2 h at room temperature. After incubating in the primary antibody, all
membranes were incubated in the appropriate IgG secondary antibody solution (anti-mouse
or anti-rabbit, Cell Signaling Technology, Danvers, MA, T-TBS, 1:2000) for 1 h at room
temperature. The Phototype-HRP chemiluminescent system (Cell Signaling Technology,
Danvers, MA) was used for detection of the protein recognized by the antisera. The blots
were exposed to Hyperfilm-ECL (Kodak, Rochester, NY) for varying exposure times. The
films were then scanned into a computer at 1200 dpi, and the scanned images were analyzed
using ImageJ freeware (http://rsbweb.nih.gov/ij/). The optical densities were measured for
each individual band. In our preliminary analysis it was determined that hypoxic treatment
dramatically changed the protein levels of GAPDH (data not shown), a housekeeping gene
commonly used for normalizing gel-loading inconsistencies. As an alternative to GAPDH,
we used Ponceau S staining of the membrane, which allows for accurate quantification of
the amount of total protein bound to a membrane (Klein et al. 1995). Membranes were
stained with Ponceau S solution (0.5% Ponceau in 1% glacial acetic acid made in dH2O) to
standardize for any errors in sample loading as previously described (Holder and Mong
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2010; Olesen and Auger 2005). The grayscale density of the prominent Ponceau S stained
band at approximately 45kDa was quantified with NIH Image software as described above.
The data are reported as a ratio of the immunoreactive band density to Ponceau S staining
intensity at 45kDa.

Immunocytochemistry and Data Analysis
The brains were sectioned (50 μm) in the coronal plane with a cryostat and stored in a
cryoprotectant solution of ethylene glycol/glucose in phosphate buffered saline. After
sectioning, the tissue was divided into cohorts consisting of anatomically match sections
from all treatment groups. Each cohort was processed in the same tray for either NeuN
(n=6–7/group) or GFAP (n=4–6/group) immunoreactivity according to standard laboratory
procedure. Briefly, sections were rinsed of cryoprotectant in 0.1 M phosphate-buffered
saline (PBS), reacted with 1% sodium borohydride, and then reacted with 30% hydrogen
peroxide. After primary and secondary antibody incubation, tissue was incubated with an
avidin-biotin complex and visualized with nickel-enhanced 3, 3'-diaminobenzidine
tetrahydrochloride (DAB; Polysciences Inc, Warrington, PA). NeuN antibody (mouse
monoclonal, Chemicon, Temecula, CA) was used at a 1:600,000 dilution and the GFAP
antibody (rabbit polyclonal, Sigma, St. Louis, MO) was used at a 1:500,000 dilution. The
appropriate secondary antibody was used at a 1:800 dilution (biotinylated anti-mouse and
anti rabbit, Vector Laboratories, Burlingame, CA). The tissue was then mounted on gelatin-
coated slides and coverslipped.

A single examiner blinded to the treatment conditions performed densitometry of the
immunoreactive stains using a Nikon Eclipse E600 microscope connected to a cool snap
CCD camera. Images were captured with the CCD camera at 20× and analyzed using
ImageJ freeware (http://rsbweb.nih.gov/ij/). The sections analyzed for NeuN-ir and GFAP-ir
were from one-in-three series (adjacent sections were separated by 150 μm) and contained
the CA1 field of the hippocampus and granular retrosplenial cortex (RSg) that corresponded
anatomically to Plates 42 and 43 in an adolescent guinea pig atlas (Luparello 1967). Three
brain sections per animals were chosen. The right and left sides of each brain region were
measured and averaged to represent a single measurement for each section.

To assess NeuN immunoreactive density, background levels were normalized across all
captured images via the `Subtract Background' IMAGEJ macro. Next, the `Threshold' tool
was used to highlight the NeuN positive cells (as represented in the Figure 3 inset) and the
mean optical density was measured. For the CA1 fields, to ensure that only the pyramidal
cell layer was being measured, an eight-point box (rectangular selection tool) was placed
over the highlighted pyramidal layer so that at least 6 of the 8 points reached the edge of the
highlighted layer. Three measurements of the mean optical density were taken along the
length of the CA1 field and averaged. For the RSg, a 400μm × 300μm box was drawn and
the mean optical density was measured.

Changes in astrocytic surface area were assessed via GFAP immunoreactive density. Similar
to the NeuN quantification above, background was normalized. Next a 400μm × 300μm box
was placed either at the apex of the CA1 field (see Figure 4A) or the RSg (see Figure 5A)
and the mean optical density measured. Of note, the placement of the CA1 measurement box
was specifically selected to encompass stratum (str.) oriens and str. radiatum. GFAP-ir as
expected was absent from the pyramidal layer (see Figure 4), but present in the str. oriens
and str. radiatum, which lie directly above and below the pyramidal neuron cell body layer,
respectively. These layers contain the basal (oriens) and apical (radiatum) dendrites from the
pyramidal neurons as well as inhibitory cells and fiber tracts (The Hippocampus Book).
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Statistical Analysis
Results are expressed as means ± SEM. The distribution of data did not deviate significantly
from normality. Western blot data was analyzed with two-way ANOVA followed by post-
hoc tests where appropriate. Adult immunocytochemistry data was analyzed with a two-
tailed unpaired Student's t-test. Significance levels for all experiments were set at p=0.05.
Statistical analyses were performed with the Statistica 10 software package (StatSoft, Inc.,
Tulsa, OK).

RESULTS
General observations

The average nicotine intake was 20.0±2.4 mg/kg/d, which is well within the range of 7–
60mg/kg/d reported to increase plasma nicotine to levels achieved by habitual smokers
(Benowitz and Gourlay 1997). The average fetal serum continine levels in nicotine exposed
animals were 85+/− 5ng/mL and continine was undetectable in untreated fetuses. These
levels are within the range measured in moderate, habitual smokers (Benowitz and Gourlay
1997; Jauniaux et al. 1999) indicating sufficient nicotine exposure of the fetus. The brains
from the hypoxic and hypoxic plus nicotine exposed groups weighed approximately 8% less
than the normoxic controls but this did not reach statistical significance (normoxic, 2.5 ±
0.07 g; nicotine, 2.510 ± 0.05 g, hypoxic, 2.386 ± 0.04 g and hypoxic plus nicotine 2.331 ±
0.08g; one-way ANOVA F(3,55)=2.57; p=0.064; Data are mean ± SEM).

Prenatal hypoxia alone increased MMP-9 protein levels in the CA1 hippocampal sub-field
In the guinea pig fetal heart, prenatal hypoxia increases protein levels of MMP- 9 and
activity of MMP-2 (Oh et al. 2008) while prenatal nicotine increases protein levels of the
active form of MMP-2 (Thompson et al. 2011). Since MMP-9 is expressed in the developing
hippocampus, we tested whether in utero exposure to hypoxia and/or nicotine increased
MMP-9 protein levels in the CA1 region of the fetal hippocampus. A two-way ANOVA of
both the active and proform of MMP-9, with atmosphere (hypoxic or normoxic conditions)
and drug (nicotine or vehicle) as factors, revealed a significant interaction between prenatal
nicotine and hypoxia (Figure 1A proform: F(1,16)=8.83, p<0.01; Figure 1B active:
F(1,16)=10.36, p<0.01). Compared to all other treatment groups, hypoxia significantly
increased protein levels of the 92 kDa proform of MMP-9 by approximately 200% (Tukey
Kramer post-hoc analysis p<0.002). The proform is activated when cleaved by extracellular
proteinases to an 86 kDa protein (Okada et al. 1992). Hypoxia also increased protein levels
of the active form compared to all other treatment groups (Tukey Kramer post-hoc analysis
p<0.05). Interestingly, when exposed in utero to the combination of hypoxia and nicotine the
protein levels of both the pro and active form of MMP-9 were not significantly different
than that of the controls (Figure 1), suggesting that the addition of nicotine blocks the
increased expression of MMP-9. Nicotine alone had no effect on MMP-9 protein levels.

Prenatal hypoxia alone increased synaptophysin protein levels in the CA1 hippocampal
subfield

MMP-9 has been implicated in changes in synaptic patterning and remodeling in the
hippocampus (Ethell and Ethell 2007). Thus, the increase in fetal hippocampus MMP-9
protein expression in response to prenatal hypoxia suggests that synaptic patterning may
also be altered. Here, we tested whether in utero exposure to hypoxia and/or nicotine
increased expression of synaptophysin, a presynaptic terminal marker, in the CA1 region of
the fetal hippocampus. A two-way ANOVA with atmosphere (hypoxic or normoxic
conditions) and drug (nicotine or vehicle) as factors revealed a significant interaction
between nicotine exposure and hypoxia (Figure 2; F(1,16)=5.58, p<0.03). Hypoxia
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significantly increased synaptophysin protein levels by approximately 38% compared to all
other groups (Tukey Kramer post-hoc analysis p<0.05). Similar to the MMP-9 protein
levels, synaptophysin protein levels in the group exposed to the combination of hypoxia plus
nicotine were not significantly different from controls. Nicotine alone had no effect.

Prenatal hypoxia alone decreased the density of NeuN-immunoreactive neurons
Using NeuN immunoreactivity (ir) as a neuron specific marker, we examined whether
neuronal density in the CA1 region of the hippocampus was affected by in utero exposure to
hypoxia and/or nicotine. There was a significant main effect of hypoxia on NeuN-ir (Figure
3, F(1,21)=35.5, p<0.001). Prenatal hypoxia in the presence or absence of prenatal nicotine
significantly reduced NeuN-ir compared to normal controls (Tukey Kramer post-hoc
analysis, p<0.05). Analysis of the RSg cortex revealed no significant difference between
treatment groups (normoxic, 13.6 ± 1.5 O.D.; nicotine, 14.7 ± 1.2 O.D., hypoxic, 14.6 ± 1.0
O.D. and hypoxic plus nicotine 14.5 ± 1.0 O.D.; Data are the mean ± SEM, Two-way
ANOVA F(1,21)=0.1924, p=0.74) suggesting the effects of prenatal hypoxia and nicotine on
NeuN-ir are specific to the hippocampus.

Prenatal nicotine but not hypoxia increased the density of GFAP-immunoreactive glia
Prenatal exposure to neurotoxins and/or neuronal insult often results in reactive gliosis that
is measured as increased GFAP-ir (O'Callaghan 1993). Additionally, reactive astrocytes
express MMP-2 and -9 following neuronal insults induced by mechanical means
(Kyrkanides et al. 2001; Muir et al. 2002; Hsu et al. 2008; Yin et al. 2006) or ischemia (Lee
et al. 2004; Ranasinghe et al. 2009; Rivera et al. 2002; Rosenberg et al. 2001). Thus, we
assessed whether hypoxia and/or nicotine exposure induced a reactive response in astrocytes
that could be correlated with the hypoxia-induced increase in MMP-9 protein levels in the
developing hippocampus. There was a significant main effect of nicotine on GFAP-ir
density (Figure 4, F(1,19)=19.2, p<0.001). Prenatal nicotine in the presence or absence of
prenatal hypoxia significantly increased GFAP-ir density compared to normal control and
prenatal hypoxia groups (Tukey Kramer post-hoc analysis, p<0.0005). In the RSg cortex,
there was a significant main effect of nicotine (Figure 5, F(1,19)=6.6, p<0.02). Post-hoc
analysis revealed that prenatal nicotine alone increased GFAP-ir in the RSg cortex compared
to normoxic controls (Tukey Kramer post-hoc analysis p<0.05). The GFAP-ir density in the
hypoxia-exposed groups with or without nicotine was increased compared to the normoxic
controls, but did not reach statistical significance. These findings suggest that astrocytes the
developing RSg cortex may be more sensitive to fetal nicotine exposure than to changes in
the oxygen availability.

Changes induced by in utero exposure to nicotine persisted into adulthood
In the normal developing brain, postnatal changes in astrocyte morphology in response to
stimuli such as gonadal hormones persist into adulthood (Mong and Blutstein 2006). The
observed robust astrocytic changes in response to prenatal nicotine exposure prompted us to
explore the potential long-term consequences of these changes to the cytoarchitecture of the
adult hippocampus. In adult guinea pigs, the density of both NeuN-ir (Figure 6A, two-tailed
student's t-test, t(7) = 2.826, p<0.05) and GFAP-ir (Figure 6B, two-tailed student's t-test, t(6)
= 3.371, p<0.05) were decreased in animals treated in utero with nicotine compared to
controls.

DISCUSSION
Maternal cigarette smoking exposes the developing fetus to multiple neurotoxic agents
including nicotine and a hypoxic environment, resulting in significant consequences for the
pregnancy as well as the developing fetus. Using the fetal guinea pig, we assessed the effects
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of nicotine and hypoxia alone and in combination on the development of the hippocampus.
We found that nicotine and hypoxia alter synaptic patterning through different mechanisms
and this has long-term consequences for the adult brain.

Hypoxia induces changes in the expression of proteins involved in synaptic pattering
In the nascent CNS, MMPs, especially MMP-2 and -9, are involved in a myriad of cellular
processes contributing to the normal development of the nervous system that include but are
not limited to axonal guidance, synaptogenesis, and synaptic plasticity (Ethell and Ethell
2007). Moreover, evidence from adult and neonatal studies is emerging to suggest that
MMPs mediate remodeling of the neuronal substrate following a neuronal insult (Yong
2005). Recently, Ranasinge and colleagues report that in the rat brain (GD 18 to PN 3),
under normal developmental conditions, MMP-2 activity in the cortex is predominant over
MMP-9. However, significant increases in MMP-9 expression and activity are detected in
the cortex and hippocampus 6 to 24 hours following a hypoxic insult in neonatal rats (PN 3)
while MMP-2 remains unchanged (Ranasinghe et al. 2009). In the present study, maternal
exposure to a chronic hypoxic environment increased protein levels of the pro- and active
form of MMP-9 in the fetal hippocampus. It is not clear whether increases in MMP-9
expression represent beneficial or detrimental changes for the developing neural substrates
following a hypoxic insult.

In adult studies of the rodent hippocampus, MMP-3 and MMP-9 are involved in fiber
sprouting and synaptic remodeling following an excitotoxic response to kainite acid
(Szklarczyk et al. 2002; Zhang et al. 1998). Additionally, in vitro studies suggest that
MMP-9 is active in hippocampal synapse formation and synaptic plasticity by influencing
dendritic spine development and synapse stabilization (Bilousova et al. 2006). Here, we
report a coincident increase in synaptophysin, a major synaptic vesicle protein associated
with synapse formation. Thus, it is tempting to speculate that under hypoxic conditions,
activated MMP-9 may be restructuring synapses in the developing hippocampus. Future
work will investigate whether the two increases are causally related.

Alternatively, the increased expression of MMP-9 may be contributing to the observed loss
of CA1 pyramidal neurons. It is well established that fetal hypoxia consequently leads to
neuronal death in sensitive brain regions that include the CA1 region of the hippocampus,
cerebellar Purkinje cells and the cerebral cortex (Rees et al. 2008). Evidence from a MMP-9
genetic knockout model suggests that an increased activation of MMP-9 following an acute
ischemic insult during neonatal development (PN 7) contributes to neuronal loss in the
hippocampus and cortex (Svedin et al. 2007). However, it is not known whether chronic
fetal exposure as used in the present study would result in a similar activation of MMP-9
and subsequent neuronal loss.

Nevertheless, it is of note that potential increases in synapse formation as suggested by
increased synaptophysin protein levels may represent a compensatory response to cellular
damage and neuronal loss by increasing synaptic connections between existing neurons.
Curiously, nicotine treatment in the presence of hypoxia appeared to have blocked the
hypoxia induced increase in MMP-9 and synaptophysin protein while having no effect on
neuronal cell loss. These results raise the possibility of a neuroprotective effect of nicotine
against hypoxia. In a gerbil model of global ischemia, nicotine pretreatment attenuated
cognitive impairment and cell death (Nanri et al. 1998). In rat primary cortical cultures
nicotine was protective against acute hypoxic insult through a nicotinic acetylcholinergic
dependent mechanism (Hejmadi et al. 2003). Nicotine is also protective in hippocampal
slices against oxygen glucose deprivation (Rosa et al. 2006). While our present observation
is difficult to interpret without further investigation, it does suggest that MMP-9 is involved
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in both synaptic formation and neuronal loss, and raises the possibility of a neuroprotective
effect of nicotine in the fetal guinea pig hippocampus.

Nicotine, not hypoxia increased GFAP
An early response to neuronal injury is the proliferation of GFAP immunopositive
astrocytes, referred to as reactive astrocytes. It is well established that acute ischemic-
hypoxia induces reactive astrocytes (O'Callaghan 1993; Pekny and Pekna 2004). However
less is understood about the effects of chronic maternal hypoxia on fetal brain development.
To our knowledge only one other published study in the rat has investigated the influence of
maternal hypoxia on GFAP positive astrocytes. In this study, a small but significant increase
in GFAP positive cells was observed in the periventicular white matter in adult offspring
exposed to maternal hypoxia during gestation (Wang et al. 2010). In the present study, we
did not detect a significant increase in GFAP positive astrocytes in the hippocampus or
cortex in fetuses exposed to maternal hypoxia. Thus, when compared to the results from
acute ischemic-hypoxic studies it is likely that astrocytes may respond differently to a
chronic insult from maternal hypoxia.

Conversely, nicotine exposed animals showed a robust increase in GFAP positive astrocytes
compared to normoxic controls. It is not clear why we see such a robust response to nicotine
by the fetal astrocytes. One possible explanation is that this increase represents a neurotoxic
response to nicotine. In support of this possibility, we observe an approximate 25% decrease
in the density of NeuN positive neurons that did not reach statistical significance in the fetal
brain of the nicotine exposed group compared to controls. While the mechanism of cell loss
was not determined, these data are suggestive of a neurotoxic effect of nicotine. In fact, in
the brains of adult offspring exposed to nicotine during gestation, NeuN density is
significantly reduced; suggesting that neuronal loss continued after nicotine exposure has
ceased.

Alternatively, the increase in GFAP-ir may represent a premature differentiation or
maturation of hippocampal astrocytes as a result of the activation of nAChR (Slotkin 2004).
The intermediate filaments of astrocytes are composed of GFAP and vimentin, a less cell-
specific filament protein predominant in radial and immature glia (Bignami et al. 1972). As
development progresses, radial glia are transformed into stellate process-bearing astrocytes
that is characterized by an accumulation of GFAP (Culican et al. 1990; Schmechel and
Rakic 1979). This is a hallmark of astrocyte maturation (Eng 1985). GFAP is co-localized
with the alpha 7 subunit of the nAChR throughout the hippocampus and cortex (Teaktong et
al. 2004) suggesting that astrocytes are able to respond directly to nicotine. Thus, the
potential activation of these receptors could have triggered morphological and cellular
changes that are reflected in the increased GFAP-ir in the nicotine treated animals.

Early NIC exposure results in changes to the adult offspring
Long-standing evidence has established nicotine as a neurotoxin in the developing CNS
(Ginzel et al. 2007; Slotkin 2004, 2008; Roy et al. 2002). Moreover, these studies clearly
demonstrate that fetal nicotine exposure has long-term consequences for the brains of
adolescent and adult offspring. While the majority of studies have focused on the persistent
changes to neurons since it more directly underlies behavioral changes, recent work has
begun to address the contribution of the maternal nicotine-induced changes in glial cells and
specifically astrocytes in the offspring (Abdel-Rahman et al. 2005; Abdel-Rahman et al.
2004; Abou-Donia et al. 2006; Roy et al. 2002). The potential activation of astrocytic
nicotinic acetylcholine receptors in the fetal brain raises the possibility that perturbations to
the prenatal environment may trigger signaling cascades ultimately resulting in changes to
the adult offspring. Indeed, we have observed that when nicotine exposed guinea pigs were
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allowed to reach adulthood, there were significant decreases in both astrocytic surface area
and neuronal density. These data are consistent with human literature in which chronic
nicotine exposure results in a significant decrease in GFAP-ir in the hippocampus and a
decrease in the colocalization of the alpha 7-receptor subunit with GFAP-ir (Teaktong et al.
2004). Interestingly, the changes in neuronal density are consistent with changes we
observed in the fetal guinea pig, but the changes in the astrocytic surface area are reversed.
In the fetal hippocampus nicotine increases GFAP-ir compared to controls, while in the
adult hippocampus animals exposed in utero to nicotine have decreased GFAP-ir compared
to controls. One interpretation of these results is that the increased GFAP-ir in the fetal
hippocampus is indicative of a reactive gliosis and that this early life trauma may impair
normal astrocyte maturation, leading to decreased GFAP-ir astrocytes in adulthood. In rat
models, adolescent rats that were exposed throughout gestation (GD 4–20) showed an
increase in GFAP-ir in the CA1 hippocampal subfields on PN 30 and 60. This increase in
GFAP-ir was accompanied by a decrease in CA1 pyramidal neurons and these were
correlated with changes in behavioral deficits (Abdel-Rahman et al. 2005). This suggests
that the timing of nicotine exposure may be critical in determining the fate of the adult brain
or that there are distinct mechanisms by which neonatal nicotine exposure affects neurons
and glial cells. Nonetheless, our study provides further evidence that nicotine-induced
changes during brain development have lasting detrimental effects on brain structure and
potentially behavior.

Overall, the present study utilized a more complete model of maternal smoking and presents
evidence that a prolonged exposure during fetal development to nicotine and hypoxia alters
synaptic patterning and glial morphology, although probably through different mechanisms.
Additionally, this work emphasizes the vulnerability of the fetal brain to nicotine exposure,
which we have shown leads to permanent alterations in the adult brain. Future work will
further elucidate the different pathways through which nicotine and hypoxia exert their
effects and determine potential points of convergence.
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Figure 1. Prenatal hypoxia significantly increased protein levels of both the pro- and active
forms of MMP-9 in the fetal hippocampus
Representative immunoblots of the proform (A) and active (B) MMP-9 protein taken from
micropunched tissue of the hippocampal CA1 region of fetal guinea pigs exposed in utero to
nicotine (n=5), hypoxia (n=5), nicotine and hypoxia (n=5), or normoxic (n=5) conditions
(top panel, each lane is a representative example from individual animals). For
quantification, MMP-9 densities were normalized by taking the ratio of the optical density
of the MMP-9 immunoreactive band (either proform or active) to that of the optical density
of the Ponceau S stained band at approximately 45kDa. Two-way ANOVA revealed a
significant interaction between nicotine and hypoxia in both the pro- (F1,16=8.83, p<0.01)
and active (F1,16=10.36, p<0.01) form of MMP-9. Tukey-Kramer post hoc analysis revealed
that hypoxia alone induced a significant increase in both the pro (**p<0.002) and active
(*p<0.05) form of MMP-9 compared to all other treatment groups. All values are the normal
optical density mean ± SEM. NMX, normoxic; NIC, nicotine; HPX, hypoxic, O.D., optical
density.
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Figure 2. Prenatal hypoxia significantly increased synaptophysin protein levels compared to
normal controls in the fetal hippocampus
Representative immunoblots of synaptophysin protein taken from micropunched tissue of
the hippocampal CA1 region of fetal guinea pigs exposed in utero to nicotine (n=5), hypoxia
(n=5), nicotine and hypoxia (n=5), or normoxic (n=5) conditions (top panel). For
quantification, synaptophysin density was normalized by taking the ratio of the optical
density of the immunoreactive band to that of the optical density of the Ponceau S stained
band at approximately 45kDa. Two-way ANOVA revealed a significant interaction between
nicotine and hypoxia in synaptophysin protein levels (F1,16=5.58, p<0.03). Tukey-Kramer
post hoc analysis revealed that prenatal hypoxia alone induced a significant increase in
synaptophysin compared to all other treatment groups (*p<0.05). All values are the normal
optical density mean ± SEM. NMX, normoxic; NIC, nicotine; HPX, hypoxic, O.D., optical
density.
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Figure 3. Prenatal hypoxia significantly decreased NeuN immunoreactivity in the fetal
hippocampus
(A) Representative photomicrographs of NeuN immunoreactivity (ir) in the CA1 region of
the hippocampus from fetal guinea pigs exposed in utero to nicotine (n=6), hypoxia (n=6),
nicotine and hypoxia (n=6), or normoxic conditions (n=7). The inset represents the area
quantified with the threshold tool in ImageJ. (B) Quantification of NeuN-ir in the CA1
region of the hippocampus. Data represent bilateral optical density measurements in three
sections that were averaged to yield a single value per animal. A two-way ANOVA revealed
a significant main effect of hypoxia (F1,21=35.5, p<0.001). Tukey Kramer post-hoc analysis
revealed that hypoxia with and without nicotine significantly decreased NeuN-ir in the CA1
region of the hippocampus compared to normoxic with or without nicotine (*p<0.05). All
values are mean optical density in pixels ± SEM. NMX, normoxic; NIC, nicotine; HPX,
hypoxic, O.D., optical density.
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Figure 4. Prenatal nicotine in the presence and absence of hypoxia significantly increased GFAP
immunoreactivity in the fetal hippocampus
(A,B) Representative photomicrographs of GFAP immunoreactivity (ir) in the CA1 region
of the hippocampus from fetal guinea pigs exposed in utero to nicotine (n=4), hypoxia
(n=6), nicotine and hypoxia (n=5), or normoxic (n=5) conditions. The boxed field in (A) is
representative of the area quantified. (B) Higher magnification photomicrographs of the
CA1 region of the hippocampus used for quantification. (C) Quantification of GFAP-ir in
the CA1 region of the hippocampus. Data represent bilateral optical density measurements
in three sections that were averaged to yield a single value per animal. Two-way ANOVA
revealed a significant main effect of nicotine (F1,19=19.2, p<0.001). Post-hoc analysis
revealed that treatment with nicotine either alone or in conjunction with hypoxia increased
the GFAP-ir density compared to hypoxic and normoxic conditions (**nicotine vs.
normoxic or hypoxic groups, p<0.0002; †† nicotine plus hypoxia vs. normoxic or hypoxic
groups, p<0.0005).
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Figure 5. Prenatal nicotine but not nicotine plus hypoxia significantly increased GFAP
immunoreactivity in the fetal retrosplenial (RSg) cortex
(A,B) Representative photomicrographs of GFAP immunoreactivity (ir) in the retrosplenial
cortex from fetal guinea pigs exposed in utero to nicotine (n=4), hypoxia (n=6), nicotine and
hypoxia (n=5), or normoxic (n=5) conditions. The boxed field in (A) is representative of the
area quantified. (B) Higher magnification photomicrographs of the RSg cortex used for
quantification. (C) Quantification of GFAP-ir in the RSg cortex. Data represent bilateral
optical density measurements in three sections that were averaged to yield a single value per
animal. Two-way ANOVA revealed a significant main effect of nicotine (F1,19=6.6,
p<0.02). Post-hoc analysis revealed that prenatal nicotine alone increased GFAP-ir in the
RSg cortex compared to normoxic controls (Tukey Kramer post-hoc analysis p<0.05). All
values are mean optical density in pixels ± SEM. NMX, normoxic; NIC, nicotine; HPX,
hypoxic, O.D., optical density.
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Figure 6. Prenatal nicotine decreased NeuN and GFAP immunoreactivity in the adult
hippocampus
Representative photomicrographs and quantification of the density of NeuN-ir (A) and
GFAP-ir (B) in the CA1 region of the hippocampus from adult guinea pigs exposed in utero
to nicotine (n=5) or vehicle (n=4). The inset represents the areas quantified. The densities of
GFAP- and NeuN- ir were significantly decreased in nicotine-exposed animals. *p<0.05
compared to vehicle. All values are mean optical density in pixels ± SEM. VEH, vehicle;
NIC, nicotine.
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