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Abstract
Possible prevention of the effects of prenatal alcohol exposure has been investigated using
peptides that were previously shown to be involved in neuroprotection both in vitro and in vivo. I
focused in this study on investigating the neuro-protective effects of one of these peptides with
regard to the determination of the downstream signaling pathways involved in neuroprotection.
This peptide with the sequence NAPVSIPQ, known as NAP, a fragment of activity-dependent
neuroprotective protein, demonstrated a potent protective effect against oxidative stress associated
with alcohol exposure. On embryonic day 7 (E7), weight-matched C57BL/6 pregnant females
were assigned the following groups: (1) Ethanol liquid diet group (ALC) 25% (4.49%, v/v)
ethano-derived calories, (2) Pair-fed (PF) control group (3) Chow control group, (4) treatment
groups with alcohol alongside i.p. injections of D-NAP (ALC/D-NAP, 20 or 30 μg/20 g body
weight), (5) PF/D-NAP control group. On E13, fetal brains were collected and assayed for TdT-
mediated dUTP nick end labeling (TUNEL) staining, caspase-3 colorimetric assay and ELISA for
cytochrome c detection. My results show that NAP significantly prevented alcohol-induced weight
reduction of the fetal brain. Apoptosis was determined by TUNEL staining; NAP administration
significantly prevented alcohol-induced increases in TUNEL-positive cells in primordium
cingulate cortex and basal ganglia eminence. The investigation of downstream signaling pathways
involving NAP neuroprotection revealed that this peptide significantly prevented alcohol-induced
increase in the concentrations of caspase-3 in E13 fetal brains. Moreover, ELISA for cytochrome c
shows that NAP significantly prevented both alcohol-induced increases in the level of cytosolic
cytochrome c and alcohol-induced decreases in the level of mitochondrial cytochrome c. These
data provide an understanding of NAP intracellular target, and the downstream mechanisms of
action that will pave a path toward potential therapeutics against alcohol intoxication during
prenatal stages.
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Brain growth restriction is a hallmark of fetal alcohol exposure (FAE) and fetal alcohol
syndrome (FAS) models (Roebuck et al., 1998). Alcohol exposure impedes cerebrum and
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cerebellum growth (Bauer-Moffett and Altman, 1975, 1977; Kornguth et al., 1979; Samson
and Diaz, 1981; Sulik et al., 1981; Barron et al., 1988; Bonthius and West, 1990; Sari and
Gozes, 2006). Our and other studies have demonstrated that the effects of prenatal alcohol
exposure depend on the dose and timing of alcohol treatment (Webster et al., 1983; Sari and
Gozes, 2006). During the period between embryonic day 7 (E7) and E14, the developing
brain exhibited the highest susceptibility to alcohol exposure. Deficits in fetal brain growth
might be induced possibly through an apoptotic mechanism (Ikonomidou et al., 2000).
Mitochondrial activation of apoptotic pathways is one of the major players in ethanol-
mediated neuronal death. Although studies have demonstrated that prenatal alcohol exposure
induces mitochondrial dysfunction, little is known about its signaling pathways. The
mitochondrion is a target organelle in ethanol-induced organ-system toxicity (Hoek et al.,
2002). Prenatal alcohol exposure–induced mitochondrial dysfunction includes decreased
mitochondrial glutathione concentration, decreased activities of respiratory chain complex
IV and ATP synthase, and increased mitochondrial permeability transition (Ramachandran
et al., 2001; Spong et al., 2001; Xu et al., 2005a; Green et al., 2006). We have recently found
that prenatal alcohol exposure induced decreases in ATP synthase, ADP/ATP translocase,
NADH dehydrogenase, ubiquinol-cytochrome-c reductase and prohibitin at E13 (Sari and
Mechref, 2008). Together, these findings indicate that mitochondrial dysfunction is a key
factor in alcohol-induced apoptosis.

E13 age was chosen as an end-point of alcohol exposure because this developmental age
holds several interests in my ongoing research projects in FAE model. Most of the
developmental regulatory proteins are highly expressed at this age of development and
altered as a consequence of alcohol exposure (Sari and Gozes, 2006; Sari and Mechref,
2008). In addition, at E13, the neural tube has undergone five major divisions to form a fetal
brain composed of telencephalon, diencephalon, midbrain, hind-brain and spinal cord.
Moreover, at this developmental stage, the 5-HT neurotransmitter system has formed and
initiated its differentiation. Our previous study reported that prenatal alcohol exposure
induces neural tube defects early at E13 (Zhou et al., 2003) and similarly alters early 5-HT
neurons [for review see ref. (Sari and Gozes, 2006)].

Studies investigating alcohol exposure during development in animal models may provide
important information for the identification of possible mechanisms of neuroprotection and
allow for the development of intervention procedures, which may protect or attenuate the
deleterious effects of alcohol exposure during pregnancy. Several studies have investigated
the possible prevention of the effects of prenatal alcohol exposure by the treatment of
pregnant mice with peptides that have been shown to be involved in neuroprotection (Spong
et al., 2001; Poggi et al., 2003; Brenneman et al., 2004; Zhou et al., 2004; Sari and Gozes,
2006). Among these peptides, SALLRSIPA, known as SAL or ADNF-9, is derived from
activity-dependent neurotrophic factor (ADNF) (Brenneman and Gozes, 1996; Brenneman
et al., 1998). Another peptide with the sequence NAPVSIPQ peptide, termed NAP, derived
from activity-dependent neuroprotective protein (ADNP) (Bassan et al., 1999; Zamostiano
et al., 2001), demonstrated a potent protective effect against oxidative stress.

In the present study, using our established FAE model in C57BL/6, we tested the
neuroprotective effects of NAP at early stage of development E13. The ADNP is released
from astroglia (Bassan et al., 1999) and found to be regulated by vasoactive intestinal
peptide, VIP (Furman et al., 2004). High ADNP mRNA expression was found in the
hippocampus, cerebral cortex and cerebellum in the mouse (Bassan et al., 1999) and in the
human brain (Zamostiano et al., 2001), indicating a potential role in the central nervous
system (Gozes et al., 1999). It has been further shown that knocking out the ADNP gene is
lethal to the embryo and the ADNP-deficient embryos die at the time of neural tube closure
(Pinhasov et al., 2003).
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Our and other studies have focused on the role of NAP in neuroprotection against prenatal
alcohol exposure [for review see ref. (Sari and Gozes, 2006)]. A recent study demonstrated a
significant decrease in the ADNP mRNA in the cerebral cortex of 7-day-old pups that were
exposed prenatally to alcohol (Pascual and Guerri, 2007). Using an established model for
FAS, it has been demonstrated at National Institutes of Health–National Institute of Child
Health and Human Development (NIH-NICHD) that pretreatment with NAP prevented the
fetal death and abnormalities induced by prenatal alcohol exposure (Spong et al., 2001).
Importantly, the effects of enantiomer conformation (L- and D-forms) of this peptide against
the insult of alcohol exposure was also investigated in FAS model (Brenneman et al., 2004).
The D-form of NAP resulted in a potent effect with no loss of protective response regardless
of increases in the doses.

We have demonstrated previously the effects of D-NAP for its protective properties against
fetal alcohol–related brain growth restriction in FAE model in C57BL/6 mice (Sari et al.,
2001, 2003; Sari and Zhou, 2004; Zhou et al., 2004; Sari and Gozes, 2006). Administration
of D-NAP alongside alcohol exposure, from E7 to E15, antagonized the effects of alcohol on
brain weight, the size of several forebrain regions, and neural tube development [recently
reviewed by us (Sari and Gozes, 2006)]. In the present study, using a similar liquid diet
drinking paradigm, we investigated the cellular mechanism of NAP in neuroprotection with
more focus on the apoptotic mechanisms that may involve extrinsic and intrinsic
mitochondrial signaling pathways at E13.

EXPERIMENTAL PROCEDURES
Synthesis of D-NAP peptide

The peptide D-NAP (NAPVSIPQ, all amino acids are D form) was synthesized in-house at
Indiana University using a standard solid-phase Fmoc chemistry on a ABI 433 peptide
synthesizer. The peptide was de-protected/cleaved from the resin in TFA cocktail and
purified by HPLC. The purity of the final compound was >98% as identified with analytical
HPLC. The mass of D-NAP was determined to be m/z 825.3[M+H]+ (calc.825.4) by ESI-
MS.

Animals
Mice C57BL/6 were used in these studies. Both male and female mice were obtained at 6–7
weeks of age from Harlan Laboratory at Indianapolis, IN, USA. All mice were housed in the
departmental animal colony in a vivarium with a controlled climate (temperature 22 °C,
30% humidity) with a 12-h light/dark cycle. Animals used in these procedures were
maintained in facilities fully accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). All experimental procedures were approved by the
Institutional Animal Care and Use Committee of Indiana University Bloomington and are in
accordance with the guidelines of the Institutional Animal Care and Use Committee of the
NIH, and the Guide for the Care and Use of Laboratory Animals. Pregnants mice were
euthanized by CO2 followed by physical translocation. This method is consistent with the
recommendations of the Panel on Euthanasia of the American Veterinary Medical
Association. In addition the number of animals used in this study was minimized according
to our previous studies and power analyses.

Breeding and treatment procedure
Female mice were placed into male home cages for 2 h and were then checked for a sperm
plug by vaginal smear immediately afterward. When the plugs were positive, we designated
this time point as E0. On E7, weight-matched pregnant females were assigned to the
following groups: (1) Ethanol liquid diet group (ALC, n=7) fed with chocolate Sustacal
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(supplemented with vitamins and minerals, Bio-Serv, Frenchtown, NJ, USA) liquid diet
25% (4.49%, v/v) ethanol derived calories (EDC), (2) Pair-fed control group (PF, pair-fed to
ethanol-fed group, n=7) fed with a maltose–dextrin solution which was made isocaloric to
the dose of ethanol used, (3) Chow group fed with mouse chow pellets and water (Chow,
n=5), (4) treatment group, i.p. injections of D-NAP alongside alcohol exposure (ALC/
NAP20, 20 μg/20 g body weight, n=6), (5) treatment group, i.p. injections of D-NAP
alongside alcohol exposure (ALC/NAP30, 30 μg/20 g body weight, n=5), and (6) PF/NAP
control group (D-NAP i.p. injected at a dose of 30 μg/20 g body weight, n=5). NAP was
administered once a day from E7 through E13. The PF, PF/NAP, and Chow served as
control groups. We have generated fetal brains from 35 pregnant mice (Chow, PF, PF/NAP,
ALC, ALC/NAP20 and ALC/NAP30) at E13.

I used my established liquid diet mixed with alcohol in FAE model that mimics moderate
alcohol drinking [for review see (Sari and Gozes, 2006)]. As published by Middaugh and
colleagues (Middaugh et al., 1988; Middaugh and Boggan, 1995), the fortified liquid diet
contained 237 ml of chocolate-flavored Sustacal (CVS Pharmacy), 1.44 g Vitamin Diet
Fortification Mixture and 1.2 g Salt Mixture XIV. For the ethanol diet, 15.3 ml (4.49% v/v;
25% EDC) of 95% ethanol was added to the fortified Sustacal formula with water that was
added to make 320 ml of diet with 1 cal/ml (ethanol). For the isocaloric control diet, 20.2
maltose dextrin was added to the fortified Sustacal formula with water that was added to
bring it to 1 cal/ml (Middaugh et al., 1988; Middaugh and Boggan, 1995). One day before
treatment, the ALC, ALC/NAP20 and ALC/NAP30 dams and also the PF and PF/NAP dams
were adapted to the PF liquid diet, the dams were weighed, the volume of liquid diet
consumed during the previous 24 h was recorded from 30-ml graduated screw-cap tubes,
and freshly prepared diet was provided. The PF or PF/NAP subjects had limited access to
the PF liquid diet each day to match the amount of calories given to ALC, ALC/NAP20 and
ALC/NAP30 subjects.

Maternal blood alcohol levels
Maternal blood alcohol levels were tested in a separate group of C57BL/6 dams with the
25% (4.49%, v/v) EDC diet (Sari and Zhou, 2004; Sari and Gozes, 2006). Pregnant mice
were given the same feeding protocol as the other experimental dams (EDC diet provided on
E7 at 700 h), and two 50-μl tail blood samples were obtained (at 09:00 and 11:00 h in a
reverse dark cycle) at E8 and E11. The blood samples were collected in heparinized
capillary tubes and centrifuged, and 5-μl plasma samples were analyzed for alcohol
concentrations using the Analox Alcohol Analyzer, calibrated with a 100 mg/dl ethanol
standard. Blood alcohol concentrations (BACs) were evaluated at 2 and 4 h on E8 and E11.
The BACs were consistently higher at 2 h exposure. The average peaks obtained in the 25%
EDC group at 2 h were ~40 mg/dl on E8 and ~55 mg/dl on E11.

Fetal brains
Pregnant mice were deeply anesthetized with CO2 procedure followed by physical
translocation at E13 and the fetuses were removed and further dissected from the base of the
primordium olfactory bulb to the base of the metencephalon. From the same dam, a group of
fetal brains was frozen and stored at −70 °C until used for chemical assays and the other
group was fixed in 4% paraformaldehyde for TdT-mediated dUTP nick end labeling
(TUNEL)–positive cell detection and fetal brain weight determination.

Protein and concentration of active caspase-3 detections
For tissue extracts, frozen fetal brain from E13 Chow, PF, PF/NAP, ALC, ALC/NAP20, and
ALC/NAP30 was ground to a powder with a pestle. The powdered tissue was mixed with
TNE buffer (10 mM Tris, pH 7.4; 0.15 M NaCl; 1 mM EDTA) supplemented with protease
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inhibitor cocktail (Sigma, St Louis, ME, USA) under continuous grinding until the
suspension was homogeneous. The suspension was centrifuged at 14,000 rpm for 10 min at
4 °C. The supernatant was collected and frozen at −70 °C until a later date for detection of
protein or active caspase-3 concentration. The total protein estimation in each sample was
evaluated with the Bio-Rad (Hercules, CA, USA) protein assay.

The concentrations of active caspase-3 were determined using caspase-3 colorimetric assay
kit (Assay Designs, Inc, Ann Arbor, MI, USA). The kit involves the conversion of a specific
chromogenic substrate for caspase-3 followed by the colorimetric detection of the colored
product of a reaction that absorbs visible light at 405 nm. The samples in variant dilutions,
standards, p-nitroaniline calibrator (pNA), and blank controls were plated in duplicate in 96
microplates. The blank control was a mixture of active caspase-3 reaction buffer and
caspase-3 substrate. The conversion of substrate into the colored product was measured after
a 3-h incubation at 37 °C, and the reaction was stopped by a 1 N solution of hydrochloric
acid. The multiple samples, standards, pNA, and blank controls were read rapidly by an
absorbance reader (SUNRISE, Phoenix Research Products, Phoenix, CA, USA). The
average net optical density (OD) for each standard and sample was calculated by subtracting
the average blank OD from the average OD for each standard and sample. The activity
measurements were quantitated by comparisons of the ODs obtained with standards or with
the pNA. The concentration of active caspase-3 in the samples was then determined by
interpolation of the average net OD for each standard versus the actual concentration of
active caspase-3 substrate for the standards. The concentrations of active caspase-3 in the
samples for all groups were expressed as units per milligram of total protein tissue. The
colorimetric assay was repeated twice for confirmation of the quantitative analyses.

Analysis of cytosolic and mitochondrial fractions of cytochrome c
Frozen brains were homogenized with digitonin (0.05%) in a lysis buffer (250 mM sucrose,
20 mM Hepes, 10 mM KCl, 5 mM MgCl2, 1 mM EGTA, 1 mM EDTA, protease cocktail
inhibitor 1:100). The homogenates were then centrifuged for 12 min (12,000 rpm, 4 °C).
The supernatant (cytosolic fraction) was removed and stored at −70 °C. The pellet was
resuspended in a second lysis buffer for 30 min (133 mM NaCl, 50 mM Tris pH 8.0, SDS
0.1% [w/v], sodium deoxycholate 0.5% [w/v], Igepal CA630 1.0% [v/v] and protease
cocktail inhibitor 1:100). The mixture was then centrifuged and the supernatant
(mitochondrial fraction) was collected and stored at −70 °C until ELISA (Chemicon
International, Temecula, CA, USA) testing for cytochrome c fractions. Cytosolic and
mitochondrial fractions were assayed for ELISA for determination of cytochrome c in
nanograms as detailed in the manufacturer protocol. In brief, an anti–cytochrome c
monoclonal coating antibody was absorbed onto a 96 microtiter plate. Cytochrome c from
samples or standards was incubated to the absorbed antibody for 2 h at room temperature
(RT). After incubation, unbound anti–cytochrome c was removed with wash buffer and a
biotin-conjugated monoclonal anti–cytochrome c for 2 h at RT. Following incubation,
unbound biotin-conjugated anti–cytochrome c was removed by several steps of washes with
wash buffer. Streptavidin-HRP was incubated for 1 h at RT. After washes, a substrate
solution reactive with HRP was added to each well for 5 min at RT. The enzymatic reaction
was stopped with stop solution and the absorbance was read immediately on a
spectrophotometer at 450 nm. Total protein concentration in the cytosolic or mitochondrial
fraction in each sample was evaluated with the Bio-Rad protein assay. We then determined
the average nanograms cytochrome c in cytosolic and/or mitochondrial fractions per
milligram of protein tissue. This assay was repeated twice for confirmation of the
quantitative analyses.
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TUNEL immunostaining reaction for cell death detection and counting
Cell death was determined using TUNEL reaction. Apoptosis and cell-mediated cytotoxicity
are characterized by a fragmentation of the genomic DNA. The many breakpoints can be
visualized with the TUNEL reaction. To keep consistent conditions of immunostaining for
both the experimental and the control groups, we embedded the fetal brains from ALC,
ALC/NAP, PF/NAP, PF, and Chow groups in gelatin. All fetal brains were aligned at the
same level in gelatin, and serial 50-μm coronal sections were then cut using a vibratome
apparatus. Fetal brain sections were treated with proteinase K (10–20 μg/ml) for 5 min at 37
°C, rinsed with PBS three times for 5 min and then incubated with 3% H2O2 in methanol for
10 min at RT. The sections were again rinsed with PBS three times for 5 min and then
incubated in a permeabilization solution (0.1% TX-100 in 0.1% sodium citrate) for 2 min at
4 °C. After the sections were rinsed twice in PBS for 5 min, they were incubated with a
TUNEL reaction mixture (50 μl from bottle 1 and 450 μl from bottle 2, Roche
Pharmaceuticals, Inc., Indianapolis, IN, USA) for 1 h at 37 °C. The control was prepared by
incubation in solution from bottle 2 only. The sections were rinsed three times for 5 min
with PBS and incubated in converter-POD for 30 min at 37 °C. After the sections were
rinsed with TBS, they were incubated in 0.05% 3′-3′-diaminobenzidine tetrahydrochloride
and 0.003% H2O2 in TBS to reveal the peroxidase activity.

TUNEL-positive cells were counted in the primordium cingulate cortex and basal ganglia
eminence of E13 fetal brains from PF, ALC and ALC/NAP20 groups by an experimenter
who was blind to the treatment groups. The penetration of TUNEL-staining through a
thickness of 50 μm was verified at 100x magnification. The expected shrinkage of a 50 μm-
thick section in the z plane was averaged to approximately 14 μm. The number of sections
in the selected brain regions for TUNEL-positive cell counting was also considered and
controlled in this study to avoid the bias of any missing sections from PF, ALC, and ALC/
NAP20 groups. The entire population of TUNEL-positive cells was counted manually in
every other section of the primordium cingulated cortex and basal ganglia eminence, and
this overcomes the bias of over-counting the number of TUNEL-positive cells in adjacent
sections.

Statistical analyses
Statistical analysis was performed using Prizm software. The data collected in this study was
analyzed statistically using one-way analysis of variance (ANOVA) and Newman-Keuls
multiple comparison test between control groups and treatment groups. All tests of
significance were performed at P<0.05.

RESULTS
Protective effects of NAP administration on fetal brain weight against the insult of alcohol
exposure

Morphological observations of fetal brains show smaller size of forebrain primordium and
midbrain primordium in ALC fetal brain as compared with PF/NAP and ALC/NAP fetal
brains (Fig. 1a, b, c). The one-way ANOVA demonstrated a significant difference between
groups (P=0.0001). Post hoc comparison using Newman-Keuls test shows significant
reduction in fetal brain weights in the ALC group as compared with control groups (Chow,
PF and PF/NAP) (P<0.001) (Fig. 1d). Administration of NAP at two different doses (20 or
30 μg/20 g body weight i.p.) alongside prenatal alcohol exposure prevented such weight
reduction and stabilized brain weights comparable approximately to control groups (Chow,
PF and PF/NAP). There were significant differences between ALC/NAP treatment groups
(ALC/NAP20 and ALC/NAP30) and the ALC group (P<0.001 and P<0.01, respectively).
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However, there were no significant differences between Chow, PF, PF/NAP, ALC/NAP20,
and ALC/NAP30 groups (P>0.05).

Neuroprotective effect of NAP administration against prenatal alcohol-induced apoptosis
In order to determine whether NAP plays a role in prevention of alcohol-induced apoptosis,
we used TUNEL-staining to evaluate cell death. Among the fetal brain regions that were
analyzed anatomically and statistically are primordium cingulated cortex and basal ganglia
eminence. These fetal brain regions have been well studied previously by us in an FAE
model [for review see (Sari and Gozes, 2006)]. In primordium cingulated cortex, we found
that prenatal alcohol exposure induced significant increases in TUNEL-positive cells in
ALC group (Fig. 2b) as compared with control group PF (Fig. 2a). NAP administration
alongside alcohol exposure prevented the alcohol-induced cell death in primordium
cingulated cortex (Fig. 2c) as compared with ALC group. Statistical analyses of cell counts
show significant increase in the TUNEL-positive cells in primordium cingulated cortex of
the ALC group as compared with the PF group (P<0.01) (Fig. 2d). Importantly, NAP (ALC/
NAP20) significantly prevented alcohol-induced increases in the number of TUNEL-
positive cells as compared with the ALC group (P<0.01). No significance difference was
found between PF and ALC/NAP20 groups (P>0.05). In basal ganglia eminence, alcohol
exposure induced increases in TUNEL-positive cells (Fig. 3b) as compared with the PF
control group (Fig. 3a). Administration of NAP peptide alongside alcohol exposure
decreases the number of TUNEL-positive cells in basal ganglia eminence (Fig. 3c) when
compared with ALC groups. Statistical analyses of cell counts show a significant increase in
the number of TUNEL-positive cells in basal ganglia eminence of the ALC group as
compared with the PF group (P<0.001) (Fig. 3d). Importantly, NAP (ALC/NAP20)
significantly prevented alcohol-induced increases in the number of TUNEL-positive cells as
compared with the ALC group (P<0.001). No significance difference was found between PF
and ALC/NAP groups (P>0.05).

Neuroprotective effect of NAP administration against prenatal alcohol-induced caspase-3
activation

Caspase-3 colorimetric assay was used in this experiment to determine the concentration of
active caspase-3 in the E13 fetal brain in order to determine if the neuroprotective effect of
NAP is mediated through caspase-3 downstream apoptotic pathway. Caspase-3 is a cysteine
protease that plays a critical role in the induction of apoptosis. Activation of caspase-3
indicates that cells entered an apoptotic pathway. Using a colorimetric assay, we
demonstrated a significant difference between groups in the concentration of caspase-3
activity as shown with one-way ANOVA (P=0.0039). Post hoc comparison shows a
significant difference in the concentration of active caspase-3 in the fetal brains between the
ALC group and control groups Chow (P<0.05) and PF (P<0.01) (Fig. 4). Moreover,
administration of NAP at the two different doses (20 and 30 μg/dam/day) significantly
prevented alcohol-induced increases in the concentration of active caspase-3 (P<0.05). No
significant difference was found in the concentration of active caspase-3 in the fetal brain
between NAP treatment groups (ALC/NAP20 and ALC/NAP30) and control groups (Chow
and PF) (Fig. 4).

Neuroprotective effect of NAP administration against prenatal alcohol-induced increases
in the level of cytosolic cytochrome c and decreases in the level of mitochondrial
cytochrome c

We next tested whether cytosolic cytochrome c release is correlated with changes in the
concentration of active caspase-3 and whether the neuroprotective effects of NAP are
mediated through the downstream signaling pathways that involved cytosolic cytochrome c.
The one-way ANOVA demonstrated a significant difference between groups (P=0.0082).
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Post hoc comparison shows that prenatal alcohol exposure (ALC group) induced significant
increases in the level of cytosolic cytochrome c as compared with PF (P<0.01) and PF/NAP
(P<0.01) control groups (Fig. 5a). Simultaneous NAP administration at two different doses
(20 and 30 μg/20 g body weight) alongside prenatal alcohol exposure significantly
prevented this increase of the level of cytosolic cytochrome c (ALC/NAP20 and ALC/
NAP30) as compared with the ALC group (P<0.05) (Fig. 5a). No significant differences
were found in the levels of cytosolic cytochrome c in fetal brain between NAP treatment
groups (ALC/NAP20 and ALC/NAP30) and control groups (PF and PF/NAP) (Fig. 5a).

We next determine whether changes in the cytosolic cytochrome c are correlated with
changes in the levels of mitochondrial cytochrome c. The one-way ANOVA demonstrated a
significant difference between groups (P=0.0157). Prenatal alcohol exposure (ALC group)
induced significant decreases in mitochondrial cytochrome c as compared with PF and PF/
NAP control groups (P<0.05) (Fig. 5b). Importantly, administration of NAP at two different
doses (20 and 30 μg/20 g body weight) alongside prenatal alcohol exposure prevented
alcohol-induced reduction in mitochondrial cytochrome c in both ALC/NAP20 and ALC/
NAP30 as compared with ALC (P<0.01 and P<0.05, respectively) (Fig. 5b). No significant
differences were found between ALC/NAP20 and ALC/NAP30, and PF, PF/NAP control
groups (P>0.05).

DISCUSSION
We report here that prenatal alcohol exposure induced apoptosis through cytochrome c and
caspase-3 downstream signaling pathways. Importantly, NAP administration reversed
alcohol-induced increases in the levels of cytosolic cytochrome c and caspase-3; NAP
administration also prevented alcohol-induced decreases in the levels of mitochondrial
cytochrome c. In addition, NAP prevented alcohol-induced increases in TUNEL-positive
cells, which is correlated with down-regulation of downstream signaling pathways.

Regarding the downstream signaling pathways involved in alcohol-induced apoptosis, my
findings are in accordance with others that demonstrated that prenatal alcohol exposure
(from E17 to E18) caused an increase in mitochondrial permeability transition, which is
accompanied by an elevation of cytochrome c and apoptosis-inducing factor in mitochondria
of E19 fetal rat brain (Ramachandran et al., 2001). Moreover, acute administration of
alcohol on postnatal day 4 leads to apoptotic Purkinje cells in early generated cerebellar
lobules (Light et al., 2002). These apoptotic neurons show release of cytochrome c from
mitochondria. Cytochrome c release from mitochondria is a critical event in the intrinsic
pathway of apoptosis that is suggested to be activated by alcohol exposure. The dissociation
of cytochrome c from the inner mitochondrial membrane is the first step in the
mitochondrial-directed apoptotic pathway. This is correlated to my findings which suggest
that alcohol exposure causes a decrease in the level of mitochondrial cytochrome c. In
addition, we have found recently that prenatal alcohol exposure induced significant down-
regulation of some of the inner mitochondrial proteins including ADP/ATP translocase,
ATP synthase subunit alpha and ubiquinol-cytochrome-c reductase in E13 fetal brain
exposed prenatally to alcohol (Sari and Mechref, 2008). Our findings validate previous work
which utilizes a different model of alcohol exposure (Xu et al., 2005a,b). These studies
demonstrated that intragastric ethanol exposure from days E6 to E15 decreased the activities
of respiratory chain complex I and IV and ATP synthase in the fetal cerebral mitochondria
of mice. Together, these findings suggest that alcohol-induced apoptosis may be mediated
through mitochondrial dysfunction.

The release of cytochrome c from mitochondria into the cytoplasm activates caspases by
binding to apoptotic protease activating factor 1 (Apaf-1), inducing it to associate with pro-
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caspase-9, thereby triggering caspase-9 activation and initiating the proteolytic cascade that
culminates in apoptosis (Liu et al., 1996; Zou et al., 1997; Green and Reed, 1998). One of
these caspases is caspase-3 which plays a critical role in normal brain development and
regulates neuronal apoptosis (Kuida et al., 1996; Keramaris et al., 2000). The regulation of
survival/apoptosis during brain development is controlled by the Bcl-2 family which is
located at the mitochondrial outer membrane (Cory and Adams, 2002). These Bcl-2 family
proteins have been implicated in alcohol-induced apoptosis in the neonatal developing brain
(Moore et al., 1999; Heaton et al., 2003; Young et al., 2003; Ge et al., 2004). Exposure of
alcohol at postnatal day 4 alters the transcription and expression of pro- and anti-apoptotic
Bcl-2 family members (Moore et al., 1999; Heaton et al., 2003). Using proteomics assay, we
have recently demonstrated that prenatal alcohol exposure reduced the expression of Bcl-2
protein in E13 fetal brain (Sari and Mechref, 2008).

There are other potential mechanisms of action of alcohol exposure; alcohol may alter the
Ca2+ handling in developing neurons. This results in an overload of cytosolic Ca2+ along
with an excess of mitochondrial Ca2+ storage, which leads to cytochrome c release into the
cytosol inducing apoptosis through activation of caspase cascade pathways (Susin et al.,
1996; Leist and Nicotera, 1998; Thornberry and Lazebnik, 1998). The caspases convey the
apoptotic signal in a proteolytic cascade, with caspases cleaving and activating other
caspases that subsequently degrade cellular targets, ultimately leading to cell death. Alcohol
may induce mitochondrial stress through disruption of Ca2+ homeostasis, the release of
cytochrome c occurred from mitochondria, which then interacts with Apaf-1, causing self-
cleavage and activation of caspase-9. The effector caspases: caspase-3, -6 and -7, are
downstream of the activator caspases and act to cleave various cellular targets of neuronal
death (Ashkenazi and Dixit, 1998). In addition to the present data related to E13 stage, we
also have shown in a previous study using a similar model of FAE that prenatal alcohol
exposure from E7–E18 induced significant increases in the concentration of active caspase-3
in the brainstem at E18 (Sari and Zhou, 2004).

In focus of the preventive effect of NAP against the insult of prenatal alcohol exposure,
studies conducted at the NIH-NICHD and my laboratory have investigated the protective
effects of this peptide using fetal brain morphological (at mid-age of development E15) and
fetal death analyses (late age of development E18). Spong et al. (2001) originally
demonstrated that single administration (i.p.) of NAP alongside single (i.p.) injection of
alcohol at E8 prevented alcohol-induced fetal death, microencephaly and brain weight
reduction at E18. We have previously shown that NAP administration alongside prenatal
alcohol exposure antagonized the effects of alcohol-induced reduction in the brain weight
and the volume of forebrain regions such as septal primordium, hippocampal primordium,
amygdalar primordium, rostral and caudal ganglion eminences and diencephalon
primordium (Sari and Gozes, 2006). In addition, a neuroprotective effect against prenatal
alcohol exposure has also been found in the primordium cingulate and frontal cortices. The
cortical plate and intermediate cortical layer in the primordium frontal cortex have also been
protected with NAP against prenatal alcohol exposure from E7–E15 (Sari and Gozes, 2006).
In the present study I found similar effect on fetal brain weight at E13. NAP at different
doses (20 or 30 μg/20 g body weight) prevented alcohol-induced reduction in fetal brain
weight at E13; there were no dose-dependent effects. These findings confirm previous
findings from ours and others demonstrating that NAP prevented alcohol-induced
microencephaly and growth restriction (Spong et al., 2001; Zhou et al., 2004; Sari and
Gozes, 2006). Importantly, NAP administration prevents alcohol-induced increases in
TUNEL-positive cells in two selected fetal brain regions such as primordium cingulated
cortex and basal ganglia eminence regions. A number of studies have shown that prenatal
alcohol exposure induced alterations in the primordium cerebral cortex, ganglion eminence,
and also midline subcortical nuclei (thalamus and septal primordium), and corpus callosum
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(Clarren et al., 1978; Peiffer et al., 1979; Riley et al., 1995; Mattson et al., 1996; Roebuck et
al., 1998; Sowell et al., 2001). The disruption of the organization between the primordium
cortices and basal ganglia eminence regions by prenatal alcohol exposure was closely
related to deficits in motor skills, visual–spatial skills, memory, and learning found in
children who were born from mothers who were drinking alcohol during their pregnancy
(Streissguth, 1986; Mattson et al., 1996; Olson et al., 1998).

Although the molecular mechanisms of action of NAP against the insult of alcohol exposure
are not fully clear; my current findings and findings from others indicate that the
neuroprotective effect of NAP against the insult of prenatal alcohol exposure involves
mitochondria. A previous study demonstrated that NAP prevented alcohol-induced increases
in the oxidized mitochondrial glutathione levels (Spong et al., 2001). I report here that NAP
prevented alcohol-induced increases in the levels of cytosolic cytochrome c and decreases in
the levels of mitochondrial cytochrome c. Interestingly, the downstream signaling pathway,
caspase-3, was also found to be involved in this process involving NAP neuroprotection.
Together, these findings suggest that NAP prevented alcohol-induced apoptosis through
downstream signaling pathways that involve mitochondria.

There is a possibility that NAP involves other signaling pathways; for example, in a model
of oxidative stress (H2O2), NAP reduces the level of the pro-apoptotic protein p53 following
H2O2 exposure in neuronal-like cells (Gozes and Divinski, 2004; Divinski et al., 2006;
Steingart and Gozes, 2006). These findings suggest that the neuroprotective effects of NAP
might also be mediated through p53 signaling pathway. Since alcohol is considered an
inductor of oxidative stress, it is possible that the mechanism underlying neuroprotection
against alcohol-induced cell death may act through the p53 pathway. This pathway may not
interact with the mitochondrial intrinsic pathway unless a dual action of NAP is involved in
this mechanism of neuroprotection against the insult of prenatal alcohol exposure. Further
studies using a model of FAE or FAS are warranted to investigate the upstream signaling
pathways that are involved in NAP neuroprotection to determine whether this effect of NAP
against the insult of ethanol exposure is mediated through intrinsic mitochondrial or
extrinsic pathways or through both pathways.

CONCLUSION
In conclusion, I report in this present study that induced cell death that is caused by prenatal
alcohol exposure is mediated in part through mitochondrial dysfunction. Increases of
cytosolic cytochrome c levels as a result of prenatal alcohol exposure were directly linked
with an increase of caspase-3 activation. Importantly, administration of NAP simultaneously
with ethanol exposure reversed ethanol-induced changes in cytochrome c and caspase-3
levels and consequently prevented ethanol-induced increases in cell death. This derived
peptide from ADNP is considered as a potential therapeutic drug for the treatment against
oxidative stress associated with ethanol exposure.
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Abbreviations

ADNP activity-dependent neuroprotective protein

ALC ethanol liquid diet group

ANOVA analysis of variance

Apaf-1 apoptotic protease activating factor 1

BAC blood alcohol concentration

E embryonic day

EDC ethanol derived calories

EDTA ethyl-enediaminetetraacetic acid

FAE fetal alcohol exposure

FAS fetal alcohol syndrome

NIH-NICHD National Institutes of Health–National Institute of Child Health and
Human Development

OD optical density

PF pair-fed control group

RT room temperature

TUNEL TdT-mediated dUTP nick end labeling
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Fig. 1.
Protective effect of NAP on fetal brain weight at E13 in mice exposed prenatally to alcohol.
Reduction of the sizes of the forebrain primordium (FB) and midbrain primordium (MB) can
be observed in ALC (b) fetal brain as compared with PF/NAP (a) and ALC/NAP (c) fetal
brains as indicated by arrows. (d) Statistical analyses demonstrated that prenatal alcohol
exposure induced significant fetal brain reduction as compared with Chow and PF control
groups (P<0.001). NAP treatment prevented the deficit in fetal brain weight found in the
ALC alone group at both doses, 20 and 30 μg/20 g body weight (P<0.01). No significant
differences were found between Chow, PF, PF/NAP, ALC/NAP20 and ALC/NAP30 groups.
Values shown as means±SEM. Chow, n=5; PF, n=7; PF/NAP, n=5; ALC, n=7; ALC/
NAP20, n=5;and ALC/NAP30, n=5.
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Fig. 2.
Prenatal alcohol exposure increases the number of TUNEL positive cells in primordium
cingulate cortex (a–c) at E13. Administration of NAP alongside alcohol exposure prevented
alcohol-induced increases in TUNEL-positive cells. Arrowheads indicate cell undergoing
apoptosis as indicated by cell processes, however, arrows indicate the final stage of cell
death. Scale bars=100 μm. The one-way ANOVA demonstrated a significant difference
between groups (P=0.0016). Increases in TUNEL-positive cells were found in the ALC
group as compared with the PF group (P<0.01) (d). Importantly, NAP administration
alongside alcohol exposure prevented a significantly alcohol-induced increase in TUNEL-
positive cells (P<0.01) (d). Values shown as means±SEM. N=5 for each group (PF, ALC,
and ALC/NAP).
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Fig. 3.
Prenatal alcohol exposure increases the number of TUNEL positive cells in basal ganglia
eminence of E13 fetal brains (b) as compared with control group (a). Administration of NAP
alongside alcohol exposure prevented alcohol-induced increases in TUNEL-positive cells
(c). Scale bar=200 μm. The one-way ANOVA demonstrated a significant difference
between groups (P=0.0005). Increases in TUNEL-positive cells were found in the ALC
group as compared with the PF group (P<0.001) (d). Importantly, NAP administration
alongside alcohol exposure prevented a significantly alcohol-induced increase in TUNEL-
positive cells (P<0.001) (d). Values shown as means±SEM. N=5 for each group (PF, ALC,
and ALC/NAP).

SARI Page 17

Neuroscience. Author manuscript; available in PMC 2012 November 26.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 4.
Neuroprotective effect of NAP against the insult of prenatal alcohol exposure is mediated
through caspase-3 activation as tested by caspase-3 colorimetric assay in E13 fetal brains.
The assay was repeated twice for quantitative analysis. Prenatal alcohol exposure induced
significant increase in the concentrations of active caspase-3 as compared with Chow and PF
control groups (P<0.05 and P<0.01, respectively). NAP administration at 20 or 30 μg/20 g
body weight prevented significantly the effect of alcohol-induced increases in the
concentrations of active caspase-3 (P<0.05). There were no significant difference between
control groups and NAP treatment groups. Values shown as means±SEM. Chow, n=5; PF,
n=7; ALC, n=7; ALC/NAP20, n=5; and ALC/NAP30, n=5.
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Fig. 5.
Neuroprotective effect of NAP against the insult of prenatal alcohol exposure is mediated
through cytochrome c as tested by ELISA assay in E13 fetal brains. ELISA for
determination of the levels of cytosolic and/or mitochondrial cytochrome c was repeated
twice for quantitative analysis. (a) Prenatal alcohol exposure induced a significant increase
in the concentrations of cytosolic cytochrome c as compared with PF (P<0.01) and PF/NAP
(P<0.01) control groups. NAP administration at 20 or 30 μg/dam/day prevented
significantly the increases in the levels of cytosolic cytochrome c as compared with the ALC
group (P<0.01 and P<0.05, respectively). (b) Prenatal alcohol exposure induced significant
decreases in the levels of mitochondrial cytochrome c as compared with PF and PF/NAP
control groups (P<0.05). NAP administration at 20 and 30 μg/20 g body weight prevented
the reduction in mitochondrial cytochrome c in both ALC/NAP20 (P<0.01) and ALC/
NAP30 (P<0.05) as compared with the ALC group. There were no significant differences
between control groups and NAP treatment groups. Values shown as means±SEM. N=5 for
each group (PF, PF/NAP, ALC, ALC/NAP20, and ALC/NAP30).
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