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The prenatal and perinatal periods of brain development are
especially vulnerable to insults by environmental agents. Early life
exposure to cigarette smoke (CS), which contains both genotox-
icants and oxidants, is considered an important risk factor for
both neurodevelopmental and neurodegenerative disorders. Yet,
little is known regarding the underlying pathogenetic mecha-
nisms. In the present study, neonatal Swiss ICR (CD-1) albino
mice were exposed to various concentrations of CS for 4 weeks
and the brain examined for lipid peroxides, DNA damage, base-
excision repair (BER) enzymes, apoptosis, and levels of the
microtubule protein tau. CS induced a dose-dependent increase in
both malondialdehyde and various types of DNA damage,
including single-strand breaks, double-strand breaks, and DNA-
protein cross-links. However, the CS-induced DNA damage in the
brain returned to basal levels 1 week after smoking cessation. CS
also modulated the activity and distribution of the BER enzymes
8-oxoguanine-DNA-glycosylase (OGG1) and apyrimidinic/apur-
inic endonuclease (APE1) in several brain regions. Normal tau
(i.e., three-repeat tau, 3R tau) and various pathological forms of
tau were also measured in the brain of CS-exposed neonatal mice,
but only 3R tau and tau phosphorylated at serine 199 were
significantly elevated. The oxidative stress, genomic dysregula-
tion, and alterations in tau metabolism caused by CS during
a critical period of brain development could explain why CS is an
important risk factor for both neurodevelopmental and neurode-
generative disorders appearing in later life.
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Estimates indicate that 1 in 10 pregnant mothers in the
United States smoke cigarettes and approximately 16% of them
continue to smoke after delivery (Baler ef al., 2008). Maternal
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smoking has been linked to many deleterious effects that put
the fetus and newborn at increased risk for adverse health
outcomes including impaired growth and neurobehavioral
development. Exposure to environmental tobacco smoke
during pregnancy is dose dependently associated with low
neonatal birth weight and length and reduced head circumfer-
ence (Perera et al., 2005). Since reduced growth and DNA
damage are significantly correlated in neonates of mothers who
were exposed to environmental tobacco smoke during
pregnancy (Tsui et al., 2008), DNA damage may also be
responsible for the brain injury and behavioral problems
induced by the genotoxicants in cigarette smoke (CS).

The developing brain is especially vulnerable to environ-
mental genotoxic agents and the ensuing brain injury is
dependent upon two critical factors: the type of DNA damage
and the efficiency of DNA repair (Kisby et al., 2009b).
According to the “Barker hypothesis,” early life exposure to
toxic agents is an important risk factor for the development of
late-life diseases, such as respiratory, neurodevelopmental
disorders, and neurodegenerative disease (Landrigan et al.,
2005). In support, we previously demonstrated that the sudden
transition from the maternal-mediated respiration of the fetus to
the autonomous pulmonary respiration of newborn mice results
in a significant increase, in the lung, of bulky DNA adducts and
oxidative DNA lesions (e.g., 8-hydroxy-2’'-deoxyguanosine,
8-0x0-dGuo). This DNA damage was attenuated by the
upregulation of a number of genes having adaptive functions
(e.g., antioxidant enzymes, oxidative DNA repair). Interestingly,
prenatal administration of the antioxidant N-acetylcysteine
(NAC) reduced the DNA damage and prevented all of the
transcriptional changes in the neonatal lung (Izzotti ez al., 2003)
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suggesting important links between oxidative stress, DNA
damage, and tissue function.

Based on these findings, we demonstrated that mice exposed
early in life to CS are particularly susceptible to the induction of
lung tumors (Balansky et al., 2007) and alterations of intermediate
biomarkers, notably DNA damage and oxidative stress (De Flora
etal.,2008). The ability of antioxidants (e.g., NAC) to prevent CS-
induced lung tumors in mice (Balansky et al., 2009) and to protect
against oxidative stress—induced neuronal death (Arakawa and Ito,
2007) suggests that oxidative stress—mediated mechanisms
contribute to CS-induced brain injury.

Although epidemiological studies indicate that the association
between CS and tumors of the central nervous system is
controversial (International Agency for Research on Cancer,
2004), there is substantial evidence linking perinatal and
postnatal exposure to CS with neurodevelopmental and
behavioral disorders (Herrmann et al., 2008) and chronic
neurodegenerative diseases, including amyotrophic lateral scle-
rosis (Gallo et al., 2009), multiple sclerosis (Healy et al., 2009),
and Alzheimer disease (Cataldo et al., 2010). Mainstream CS
and sidestream CS are complex mixtures of over 4000
compounds including genotoxicants (e.g., tobacco-specific
nitrosamines, polycyclic aromatic hydrocarbons, etc.) as well
as high levels of oxidants and reactive chemical species, also
resulting from endogenous processes, such as inflammatory
processes. The developing brain is particularly vulnerable to
oxidative stress because of its high metabolic activity,
concentration of unsaturated fatty acids, high rate of oxygen
consumption, and low concentration of antioxidants (Chen ef al.,
2007). Oxidative insult of the brain also leads to the
accumulation of DNA damage, an effect that could have long-
term consequences on neuronal function in later life (Rao, 2009).

The goal of the present study was to determine whether CS
induces oxidative stress and DNA damage and perturbs DNA
repair and tau proteins in the brain of neonatal mice. Oxidative
stress was assessed by examining the brain for the levels of
malondialdehyde (MDA). Because oxidative stress generates
DNA lesions such as apurinic (AP) sites and 8-oxoguanine, the
regional distribution and activities of the base-excision repair
(BER) enzymes 8-oxoguanine-DNA-glycosylase (OGG1) and
apyrimidinic/apurinic endonuclease (APE1) were also evaluated.
The BER pathway handles a wide spectrum of base modifica-
tions including alkylation and oxidative DNA damage. The
comet assay was used to examine the brain for the induction and
persistence of multiple types of DNA lesions including single-
strand breaks (SSBs), double-strand breaks (DSBs), and DNA-
protein cross-links (DPCs). The brain was also examined for
changes in the levels of normal tau (i.e., tau isoforms) and
pathological forms of tau (tau oligomers, truncated tau,
phosphotau). Tau is a microtubule-associated protein that plays
a major role in the development and morphology of neurons by
promoting the assembly and stability of microtubules, whereas
the abnormal posttranslational modification of tau (e.g.,
phosphorylation) is a pathological hallmark of neurodegenerative
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disorders such as tauopathies (Wang and Liu, 2008). The results
show that CS has a significant influence on the developing brain
by causing oxidative stress induced injury (lipid peroxidation,
DNA damage, BER activity) and associated changes in tau,
a cytoskeletal protein that plays an important role in maintaining
neuronal function.

MATERIALS AND METHODS

Mice. Healthy 8-week-old Swiss ICR (CD-1) albino mice, on the 15th day
of pregnancy, were supplied by Harlan Italy (San Pietro al Natisone, Udine,
Italy) were maintained on standard rodent chow (Teklad 2018; Harlan Italy)
and tap water ad libitum, at a temperature of 23 + 2°C, relative humidity of
55%, 15 air renewal cycles per h, and a 12-h day/night cycle. Housing and
treatments of mice were in accordance with our national and institutional
guidelines and were approved by the Italian Ministry of Health.

Treatments. Mainstream CS was generated by burning Kentucky 2R4F
reference cigarettes (University of Kentucky, Lexington, KY), having a declared
content of 9.4 mg tar, 0.73 mg nicotine, and 12 mg CO each. Exposure of mice
to CS was achieved by using a whole-body system (model TE-10a; Teague
Enterprises, Davis, CA). This system was equipped with a peristaltic pump that
delivered CS continuously into the exposure chambers, made of teflon-painted
aluminum with plexiglass front, connected to an air exhaust system. Each
exposure chamber has a 70 1 capacity, with a flow rate of 17.5 I/min that results
in 15 air renewal changes per hour. Each cigarette burns completely in 4 min
and generates a volume of smoke of 1020 ml. Therefore, the CS produced by
15 consecutive cigarettes was delivered in 1 h. The exposure started within 12 h
after birth and continued daily, 1 h/day, for 4 weeks.

Six dams generated 65 newborn mice, which were divided into six
experimental groups, each group corresponding to a litter. The groups included
(A) sham-exposed mice, kept in filtered air; (B) mice exposed to the CS
generated from a single filter cigarette; (C) mice exposed to the CS generated
from a single cigarette, defiltered before use; (D) and (E) mice exposed to the
CS generated from two defiltered cigarettes burning at one time; and (F) mice
exposed to the CS generated from four defiltered cigarettes burning at one time.
The average total suspended matter (TPM) was 119, 292, 438, and 631 mg/m3
in the exposure chambers accommodating the mice belonging to Groups B, C,
DJE, and F, respectively.

Collection of brains. After 4 weeks, the mice belonging to Groups A-D
were fasted overnight, deeply anesthetized, and euthanized by cervical
dislocation. The mice belonging to Group E were similarly terminated 1 week
later. The whole heads from five mice in Groups A and C were each immersed
in ice-cold Hibernate medium supplemented with B27 (Invitrogen, Carlsbad,
CA). The right hemisphere from all other mice was immersion fixed in
formalin, embedded in paraffin, and used for measuring apoptotic neurons. The
left hemispheres from two mice in Groups A and C were fixed in formalin and
shipped, together with the heads immersed in Hibernate medium, from Genoa
to Portland, OR. The remaining left hemispheres were used for single cell gel
electrophoresis (SCGE) analyses.

SCGE assay. The brains were analyzed by SCGE (comet) assay as
described by Fairbairn et al. (1995). SCGE was performed in either a neutral or
an alkaline environment in order to detect DSBs and SSBs, respectively. In
order to discriminate between DPCs and DNA-DNA cross-links under alkaline
conditions, we performed a proteinase K (PK) treatment by preincubating the
samples for 1 h at 37°C with either PK or its buffer. Images of at least 100
randomly selected cells from each mouse, derived from two slides, were
acquired and analyzed on an automated imaging system (CASP or Comet
Assay Software Project, http://www.casp.sourceforge.net). SSBs and DSBs
were quantified in terms of tail moment, which is the product of the tail length
and the fraction of total DNA in the tail, by analyzing ~100 comets/sample.
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Determination of lipid peroxidation products. Brain tissue levels of
MDA and other thiobarbituric acid reactive substances were measured as
markers of lipid peroxidation as described by Ohkawa et al. (1979), with slight
modifications. Briefly, brain tissue homogenates were mixed with a solution
containing 8.1% SDS, 20% acetic acid (pH 3.5), 0.8% thiobarbituric acid, and
the samples heated at 95°C for 1 h. After cooling in ice-cold water, the samples
were extracted with 4 ml n-butanol and pyridine (15:1, vol/vol), centrifuged at
950 X g for 10 min, and the absorbance of the organic phase measured at
a wavelength of 532 nm. Sample concentrations were derived from a standard
curve using 25, 50, 100 and 150mM MDA and expressed as nanomole MDA
equivalent per milligram protein.

Evaluation of apoptotic neurons. Apoptotic neurons in the cerebral cortex
were detected by the terminal deoxynucleotidyl transferase—mediated nick end
labeling (TUNEL) method using the NeuroTACS In Situ Apoptosis detection
staining kit (Trevigen, Gaithersburg, MD). Briefly, sagittal brain tissue sections
(5 pm) were placed on glass slides, the sections probed with the NeuroTACS
kit as described by the manufacturer and then each slide scored at a 400X
magnification by counting 500 cells from three serial sections per mouse.
The results were expressed as percentage of apoptotic neurons.

Detection of BER proteins. The brains from sham- and CS-exposed mice
were cryoprotected in sucrose (10-30%), rapidly frozen in Tissue-Tek, and
sagittal brain tissue sections (10 pum) placed on slides as previously described
(Kisby et al., 2009b). The slides were incubated overnight at 4°C with blocking
solution (0.2% TX-100 in PBS) or blocking solution containing rabbit
polyclonal antibodies to either OGG1 (NB100-106), APE1 (NB100-101;
Novus Biologicals, Littleton, CO) as previously described (Kisby ez al., 1997).
After removal of the primary antibody, the sections were washed with PBS and
the proteins detected using a Vectastain Elite peroxidase kit and NovaRed
(Vector Labs, Burlingame, CA). Adjacent brain sections were stained with
cresyl violet to label Nissl substance. The sections were examined by light
microscopy using a Zeiss Axioskop 2 microscope.

Determination of oxidative DNA repair activities. APEl1 and OGGI1
activities were determined by measuring the amount of cleavage product from
the >?P-labeled 5’5" oligonucleotide substrate containing a tetrahydrofuran or
8-oxoguanine and a complementary strand, as previously described (Kisby
et al., 2009a). The lesion containing strand was 5’ -end labeled with [y->*P]ATP
(PerkinElmer Life Sciences, Boston, MA) using T4 polynucleotide kinase
(New England Biolabs, Ipswich, MA).

APE] reaction was performed in 20 pl reaction buffer (10mM NaCl, 10mM
Tris, 2mM MgCl,, pH 8.0) containing 100 fmol of labeled substrate and 50 ng of
brain tissue homogenate and was incubated for 15 min at 37°C. OGG1 reaction
was performed in 20 pl of reaction buffer (7SmM NaCl and 10mM Tris, pH 8.0)
containing 100 fmol of labeled substrate and 5 pig of brain tissue homogenate and
was incubated for 1 h at 37°C. The product and substrate were separated on
a 12.5% denaturing polyacrylamide gel and analyzed for band intensity using
a Typhoon phospholmager (Amersham Biosciences, Piscataway, NJ).

Analysis of tau proteins. Tissue extracts were prepared from the cortex,
hippocampus, midbrain, and brainstem of sham- and CS-exposed mice and
examined for the levels of three-repeat tau (3R tau), tau oligomers, truncated tau,
and various phosphorylated forms of tau by ELISA assay (Woltjer et al., 2009).
Briefly, protein extracts from the soluble fractions of each mouse brain (n = 4-5)
were diluted in 100mM Tris, pH 7.4, with 0.05% azide and 0.002% bromopheonl
blue, 100 pl of the sample, containing 200 ng protein, spotted onto 96-well plates,
and then the plates incubated overnight at RT in a humidified chamber. Plates were
subsequently washed twice with PBS, blocked with 1% bovine serum albumin in
PBS with 0.05% sodium azide, and washed again with PBS. ELISAs were
performed as described by Harlow and Lane (1988) and developed using
tetramethylbenzidine with absorbances determined at 405 nm in a UV-VIS
microplate reader. Primary antibodies were monoclonal antibodies to 3R tau (RD3;
Upstate/Millipore), tau oligomers (MC-1, ALZ-50; gift from P. Davies, Albert
Einstein College of Medicine, Bronx, NY), truncated tau (cleaved tau, Asp421,
clone C3; Upstate/Millipore), and various epitopes of phosphorylated tau
(phosphoserine 202, CP13; gift from P. Davies and phosphothreonine 231 and

473

phosphoserine 199; Upstate/Millipore). Secondary antibody/alkaline phosphatase
conjugates were from Amersham. All antibodies were diluted 2000 times from the
initial stock concentration before use in the detection assay. The values for 3R tau
and other modified forms of tau were corrected for the background absorbance of
wells without protein (10 per plate).

Statistical analysis. The data for each evaluated endpoint are expressed as
means + SE within each experimental group. The overall statistical significance
was evaluated by ANOVA, followed by nonparametric Mann-Whitney test for
comparisons between groups.

RESULTS

Survival and Body Weights of Mice

The dam exposed to the highest CS dose, which was initially
kept together with its litter, died after 3 days of treatment.
Accordingly, neonatal mice belonging to this group were
discarded. Thereafter, the dams were removed during exposure
periods in order to exclude any influence on lactation. All other
mice survived until the end of the experiment. The overall body
weight of mixed gender neonatal mice was 1.2 + 0.03 g (means
+ SE). Table 1 reports the body weights of the mice belonging
to Groups A-E at 2, 3, and 4 weeks after birth. The loss of
body weights recorded in Groups C-E was statistically
significant at all measurement times.

Smoke-Induced Double-Strand and Single-Strand DNA
Breaks

Initial studies examined cells from the brain of CS-exposed
mice for DNA damage using the SCGE assay. Figure 1 shows
the distribution of SCGE data, generated in either a neutral
environment (DSBs, Fig. 1A) or alkaline environment (SSBs,
Fig. 1B), as related to CS dose. The corresponding levels of
DSBs and SSBs are reported in Table 1. Due to the small size
of subgroups and to interindividual variability, there were no
significant gender-related differences in the SCGE data. The
basal levels of SSBs (48.6 + 2.02) were ninefold higher than
those of DSBs (5.4 + 0.29). Under both experimental
conditions, there was a dose-dependent increase in DNA
strand breaks, which was statistically significant for DSBs at
292 and 438 mg/m® TPM and for SSBs at all TPM doses
tested. The maximum increases in DSBs and SSBs in CS-
exposed mice were 2.9- and 1.6-fold, respectively.

Smoke-Induced DNA-Protein Cross-links

Figure 2 shows the levels of DPCs in the brain of CS-exposed
mice, generated by evaluating alkaline SCGE data either in the
absence (PK—) or in the presence (PK+) of proteinase K.
The corresponding DPCs levels are reported in Table 1. In the
absence of PK, the observed increase in DPCs over the
corresponding sham was statistically significant (p < 0.05) only
at the highest CS dose. In the presence of PK, the observed
increases over the corresponding sham were significant at 292
and 438 mg/m® TPM (p < 0.05 and p < 0.01, respectively).
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TABLE 1
Body Weights, SCGE Data, Generated Either in Neutral or Alkaline Environment and Either in the Presence (PK+) or in the Absence
(PK-) of Proteinase K, and TBARS in the Mixed Cell Brain Population, and Apoptotic Neurons (TUNEL+) in the Brain Cortex of
Mice Exposed to Varying Doses of MCS

Body weight (g) SCGE (TM) SCGE (TM)
Group TPM No. of TBARS TUNEL+
(mg/m?) mice 14 days 21 days 28 days Neutral Alkaline PK- PK+ (nmol/mgprotein) neurons(%)
A 0 12 100026 13.1+030 23.1+0.63 54029 48.6+2.02 319+ 123 339+ 1.63 0.5 +0.12 1.4 £ 051
B 119 10 123037 146+038 254+122 63040 6782417 27.1+1.62 41.6+220"" 0.7 £0.11 1.6 £ 1.52
c 292 13 630357 93+0397 18.8 042" 12.1 £ 0.50" 68.6 + 248" 383 + 1.46 49.0 = 1.86" ™ 0.7 +0.15 20122
D 438 9  69+031"102+029" 17.4 +0.50™ 15.6 £ 0.92"" 792 +2.84™ 597 +2.71" 758 +2.61"™ ™ 12+0.16" 32+ 1.68
E¢ 438 11 640287 9.7x0.53" 255+ 1.06 NT NT 28.5 +1.51 29.8 +2.27 NT NT

Note. All data are means + SE within each experimental group. NT, not tested. “p < 0.05 and ““p < 0.001, as compared with the corresponding controls (dose

EEEY

0 of TPM);  p < 0.001, as compared with the corresponding PK—.

“ The mice in this group were sacrificed one week after discontinuation of exposure to MCS rather than the day after.

At all CS doses, the values recorded in the presence of PK were
significantly higher (p < 0.001) than those recorded in the
absence of PK. However, at the highest dose tested, DPCs had
returned to basal levels 1 week after discontinuation of CS
exposure (Table 1, last line).

Smoke-Induced Lipid Peroxides and Apoptosis

As shown in Table 1, brain tissue levels of lipid peroxides were
significantly increased only at the highest CS dose. The occurrence
of TUNEL-positive cells, identified by a brown precipitate over
the nucleus, was rare in the cerebral cortex of CS-exposed mice. At
the highest dose tested, the increase of TUNEL-positive neurons
(Table 1) approached statistical significance (p = 0.06) in mixed
gender mice and was statistically significant (p < 0.05) in female
mice (data not shown).

Distribution and Activity of BER Proteins

The influence of CS on oxidative DNA repair in the brain
was assessed by examining brain tissue sections and extracts
for the BER proteins OGG1 and APEI. Figure 3 shows
representative photomicrographs of the hippocampus (A) and
cerebellum (B) from sham-exposed mice and mice exposed to
CS, at a TPM dose of 438 mg/m°. Nissl staining showed that
CS did not induce remarkable loss of pyramidal or granule
neurons in either the hippocampus (Fig. 3A) or the cerebellum
(Fig. 3B). A similar staining pattern was observed in other
brain regions (data not shown). The regional distribution of
OGG1 and APE1 proteins was strongly affected by CS
treatment but with opposite effects. In the hippocampus, CS
induced OGGI in all three pyramidal cell layers (CA1-CA3)
and the granule cell layer in the dentate gyrus. CS induced
a similar pattern of staining in the granule cell and Purkinje cell
layers of the cerebellum. In contrast, APEl staining was
reduced in the same regions of the hippocampus and
cerebellum of CS-exposed mice.

OGG1 and APEI1 activities were evaluated in the brainstem,
cerebellum, cerebral cortex, and midbrain of sham- and CS-
exposed mice. The hippocampus was not examined because of
an insufficient amount of tissue. As shown in Figure 4, OGG1
activity was significantly increased in the brainstem and
midbrain of CS-exposed mice, whereas no changes were
observed in APE1 activity.

Tau Proteins

The goal of the next experiments was to determine if CS-
induced oxidative stress is associated with changes in tau,
a structural protein that plays an important role in maintaining
neuronal function during development and is perturbed in
neurodegenerative disorders. As shown in Figure 5, 3R tau
levels were significantly increased in the cortex, whereas the
levels of phosphoserine 199 (pS199) were significantly
increased in the midbrain of CS-exposed mice as compared
with sham. All other tau proteins, including tau oligomers,
truncated tau (Tau-421), and the phosphorylated tau species
phosphothreonine 231, were not significantly affected by CS in
any brain region examined (data not shown).

DISCUSSION

Exposure of mice to CS during the first 4 weeks of life,
a time of extensive synaptogenesis, myelinogenesis, glio-
genesis, and neurogenesis in the developing brain (Watson
et al., 2006), induced oxidative stress, DNA damage, oxidative
DNA repair, and significant tau changes in the brain. These
findings are consistent with previous work demonstrating that
CS induces lipid peroxidation, DNA damage, and oxidative
DNA repair in nonneural tissues of CS-exposed mice (De Flora
et al., 2008). Such changes might explain how prenatal
exposure to CS leads to neurobehavioral changes in children
(Herrmann et al., 2008) and increases the risk of developing
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FIG. 1. Distribution of SCGE data generated either in neutral (A) or in
alkaline (B) environment, as related to the dose of whole-body CS exposure of
mice. The data were generated by testing 100 nuclei per brain sample obtained
from five mice in Group A, eight mice in Group B, eight mice in Group C, and
five mice in Group D. The horizontal bold lines indicate the medians within
each experimental group. *p < 0.01, as compared with the corresponding sham.

late-life neurodegenerative disorders (Cataldo er al., 2010;
Gallo et al., 2009; Healy et al., 2009).

CS induces lipid peroxidation in a variety of rodent organs
(De Flora et al., 2008). MDA, reactive oxygen species, and
oxidized proteins were significantly elevated in the brain of
CS-exposed adult mice (Tuon et al., 2010) and the levels were
significantly higher than in any other organ (Rueff-Barroso
et al., 2010). The present study is the first to demonstrate that
CS, at high doses, also increases MDA levels in the immature
mouse brain. Increased levels of lipid peroxides are particularly
relevant due to the abundance of fatty acids in the immature
brain, which are critical for both infant and childhood brain
development (Ryan et al., 2010).

CS induces multiple types of DNA lesions and alters OGG1
expression in several nonneural tissues of neonatal mice (De
Flora et al., 2008). The present study demonstrates that CS also
induces multiple types of DNA lesions (i.e., SSBs, DSBs,
DPCs) and alters the level and activity of OGG1 in the brain of
neonatal mice. The higher level of SSBs may be due to the
formation of alkali labile DNA lesions (i.e., apurinic sites)
following the repair of CS-induced oxidative DNA lesions by
OGG!1 (Fortini et al., 2003). In the alkaline comet assay, the
repair of oxidative DNA damage or potentially other forms of
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FIG. 2. Distribution of SCGE data generated in alkaline environment,
either in the absence (PK—) or presence (PK+) of proteinase K, as related to
the dose of whole-body CS exposure of mice. The horizontal bold lines indicate
the medians within each experimental group. Columns identified with (w) refer
to mice that were sacrificed 1 week after discontinuation of CS exposure rather
than the day after. *p < 0.05 and **p < 0.001, as compared with the
corresponding sham. #p < 0.001, as compared with PK—.

DNA damage may be a major contributor to SSBs. In-
terestingly, DNA damage returned to basal levels 1 week after
CS exposure was discontinued. This suggests that the immature
brain efficiently repairs these types of DNA lesions and that
smoking cessation has beneficial effects toward these end-
points. However, a significant amount of oxidative DNA
lesions (e.g., 8-oxo-dGuo) would have escaped repair due to
the low level of OGG1 in the neonatal brain. Therefore, it is
likely that 8-oxo-dGuo might persist in the brain of CS-
exposed mice because these DNA lesions accumulate in the
brain with age (Larsen et al., 2006).

Environmental tobacco smoke has been shown to stimulate
apoptotic pathways in a variety of cells, tissues, and organs,
including the brain (Fuller ef al., 2010). The ability of a high
CS dose to induce apoptosis in mouse cortical neurons, as
detectable by TUNEL, is certainly consistent with the results of
the neutral comet assay. Apoptosis leads to the death of
damaged cells, including postmitotic neurons in the developing
brain (D’Agostini et al., 2005). Consistent with this conclu-
sion, smoking was associated with reduced cortical gray matter
in the Alzheimer-diseased brain (Almeida er al., 2008).

The CNS is equipped with the machinery to repair DNA
damage. In mammals, BER is the primary pathway for
repairing oxidative DNA damage (Fortini et al., 2003). The
BER enzyme OGG1 plays a pivotal role in protecting the brain
from oxidative DNA damage (Larsen et al., 2006). APEL, an
enzyme that repairs the DNA lesions produced by OGG1, also
plays an important role in protecting neurons from oxidative
damage (Meira et al., 2001; Vasko et al., 2005). The present
results show that CS alters both BER enzymes in a region- and
cell-specific manner in the immature brain. The levels of APE
and OGGl1 vary considerably in the human, primate, and
rodent brain. In the mouse brain, APEl is very abundant,
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FIG. 3. Nissl staining and immunohistochemical detection of OGG1 and APE1 in the hippocampus (A) and cerebellum (B) of a sham-exposed mouse and
a CS-exposed mouse. CAl, CA2 and CA3 indicate the three hippocampal pyramidal cell layers and DG indicates the dentate gyrus. Note the heavy staining of
OGGT! in the CA1 (arrowheads) and DG (star) regions of the hippocampus. GC, granule cell; ML, molecular layer; PC, Purkinje cell.

whereas OGG1 is substantially lower. This is reflected in the
amount of protein we used to assay APEI (50 ng) versus
OGG1 (5.0 mg) activity in the neonatal mouse brain.
Consequently, changes to OGG1 are more easily observed by
immunohistochemical methods than APEl. The increased
expression of OGG1 in murine brain tissue sections was also
consistent with an increase in the regional activity of OGGI.
This might explain why we primarily observed significant
changes in OGG1 and not in APEL.
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FIG. 4. OGGIl and APEl activities in various brain regions of sham
exposed (empty columns, n = 5) and mice exposed to CS, at a TPM of
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In the murine brain, nuclear and mitochondrial OGGI1
activities are heterogeneous (Imam ef al., 2006). Because there
is a good correlation between regional OGG1 activity and the
repair of oxidative DNA damage (Sava et al., 2006), this could
explain why CS induced OGGI1 activity only in those brain
regions with low activity (i.e., brainstem, midbrain). In
contrast, APE activity is fairly uniform in the murine brain
(Imam et al., 2006), which might explain why APE1 activity
did not change in the neonatal brain after CS exposure.
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However, CS did induce changes in both OGG1 and APEI in
the hippocampus, a brain region that is especially vulnerable to
oxidative stress (Martone et al., 2000).

Tau isoforms and phosphorylated tau play an important role in
regulating the dynamic microtubule network during periods of
high plasticity in the developing brain. A shift from the fetal
three-repeat (3R) tau isoform to the adult four-repeat (4R) tau
isoform occurs during brain development and this coincides with
the formation of synapses and the appearance of stable
microtubules (Bullmann ez al., 2009). However, 3R tau and
4R tau are approximately equally expressed in the mature
mammalian brain. Tau phosphorylation is also required during
periods of intense axonal outgrowth and synaptogenesis in the
developing brain (Brion er al., 1994). 3R tau levels were
significantly elevated in the cerebral cortex of CS-exposed mice
and a similar trend was observed in the midbrain. The
phosphorylation of tau was also increased by CS but only in
the midbrain and at certain sites (i.e., Ser199). These studies
demonstrate that CS perturbs the tau isoform ratio and alters the
phosphorylation of tau during a critical period of brain
development. Because the tau isoform ratio is essential for
maintaining the proper dynamics of neuronal microtubules (e.g.,
axonal transport) and preventing abnormal tau filament assembly
(Adams et al., 2010), an imbalance in this ratio could lead to
neuronal dysfunction and possibly behavioral changes like those
reported in the offspring of mothers who smoked during
pregnancy (Herrmann et al., 2008). If the effect of CS on 3R
tau is persistent, such changes could lead to increased tau
phosphorylation, tau aggregation, and possibly neurodegenera-
tion like that observed in mice that overexpress the fetal tau
isoform (Ishihara ez al., 1999) or various tauopathies (Espinoza
et al., 2008). The ability of elevated brain levels of 3R tau to
induce an age-dependent increase in tau-immunoreactive
inclusions that contain tau phosphorylated at Ser199/202 as well
as other sites is certainly consistent with such a mechanism.

In conclusion, early life exposure to CS induces genomic
dysregulation in the immature mouse brain through an oxidative
stress—mediated mechanism and possibly other mechanisms
triggered by CS components. The identification of several types
of DNA lesions and increased levels of cytoskeletal proteins (i.e.,
tau) in the immature brain suggests that these early events may be
responsible for the long-term effects of smoking on human brain
function. Because DNA repair was also altered in specific brain
regions, the CS-induced DNA damage in the immature brain
might also be selective. We have recently shown that pulmonary
alveolar macrophages and lung cells from the same CS-exposed
mice used in the present study exhibit dose-dependent cytoge-
netic alterations (Balansky, D’Agostini, Micale, La Maestra,
Steele, and De Flora, in preparation) as well as increased bulky
DNA adducts, 8-oxo-dGuo lesions, and dysregulated microRNA
expression (Izzotti et al., 2010).

While DNA damage in mitotic tissues activates cellular
processes that may lead to tumorigenesis, DNA damage in
postmitotic tissues might activate similar cellular processes that
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disrupt normal development or lead to degenerative diseases
(Behrens et al., 2009; De Flora et al., 1996; Staropoli, 2008).
This hypothesis is consistent with the observed CS-induced
alterations of tau, a cytoskeletal protein with an important role in
both brain development and function. Hence, we suggest that
early life exposure to CS-induced oxidative stress and DNA
damage in the brain during early life may be a risk factor for
neurodevelopmental disorders and neurodegenerative disease.
This hypothesis is in agreement with the conclusions of a recent
study in which prenatal exposure of mice to environmental
tobacco smoke modulated, in the hippocampus, the expression
of genes with important roles in axon guidance, cell cycle, DNA
damage, DNA repair, and oxidative stress (Mukhopadhyay
et al., 2010). Moreover, a recent study by Kisby ef al. (2011)
provides evidence that the DNA damage produced by the
environmental genotoxin methylazoxymethanol in the underde-
veloped mouse brain is linked to changes in the expression of
genes in cell signaling pathways associated with cancer, human
neurodegenerative disease and neurodevelopmental disorders.
These findings suggest that environmental genotoxins target
common pathways involved in neurodegeneration, neurodevel-
opment, and cancer, the outcome depending on whether the cell
can divide (cancer) or not (neurodegeneration and neuro-
developmental delay). If confirmed in longer term studies, this
would have important health implications for the long-term
effects of maternal smoking on the neurological development of
the fetus or neonate.
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