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Abstract
Prior studies by many laboratories have illustrated that ethanol can elicit a cascade of caspase-
dependent apoptotic events in cultured neurons. Studies in our laboratory have connected this to
oxidative stress and effects on fetal cortical neuron glutathione homeostasis.

Aims—The intent of the following studies is to address mechanisms underlying ethanol-
associated DNA damage that may be connected to apoptotic death of neurons.

Methods—Cultures of fetal rat cerebral cortical neurons were utilized. Estimates of DNA
damage was determined by Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining and nuclear condensation; Poly(ADP-ribose) polymerase-1 (PARP-1)
expression was determined by immunostaining and Western blotting; and occurrence of parylation
and AIF translocations were assessed by Western blotting.

Results—Ethanol treatment of the neurons generated increases in DNA damage by 4 hours while
nuclear condensation was low at the short exposure period but increased markedly by 24 hours.
This was temporally related to a marked up-regulation of PARP-1 expression. Activity of
PARP-1, as assessed by PolyADP-ribose (PAR) formation, occurred within 15 minutes and
peaked by 6 to 8 hours of ethanol treatment. An almost complete translocation of apoptosis
inducing factor (AIF) from mitochondria to the nucleus occurred by 24 hours of ethanol treatment
(4.0 mg/ml). Ethanol treatment for 4, 12 and 24 hours elicited an increasing caspase-mediated
cleavage of PARP-1 to its 24kDa fragment.

Conclusions—These data illustrate the rapid occurrence of DNA damage following ethanol
exposure and that PARP-1 pathways may play a role in the subsequent apoptotic death of these
neurons.
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INTRODUCTION
Maternal alcohol consumption can impair offspring brain development in humans and in
animal models. One mechanism underlying this may be an ethanol-related reduction in the
number of neurons in various brain regions such as cerebral cortex, hippocampus,

*Corresponding author’s information: George I Henderson, Departments of Medicine and Pharmacology, 7703 Floyd Curl Drive,
University of Texas Health Science Center, San Antonio, TX 78229-3900. Phone #: 210-567-4875, Fax#: 210-567-1976, Email
address: hendersong@uthscsa.edu.

NIH Public Access
Author Manuscript
Alcohol Clin Exp Res. Author manuscript; available in PMC 2009 November 1.

Published in final edited form as:
Alcohol Clin Exp Res. 2008 November ; 32(11): 1884–1892. doi:10.1111/j.1530-0277.2008.00769.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cerebellum and olfactory bulb. This response likely reflects altered neuron migration and
enhanced cell death (Akbar et al., 2006; Barnes and Walker, 1981; Bhave et al., 2000;
Chandler et al., 1997; Cheema et al., 2000; Crews et al., 1999; de la Monte et al., 2002;
Dikranian et al., 2005; Goodlett et al., 1991; Jacobs and Miller, 2001; Luo et al., 1997;
McAlhany et al., 2000; Miller and Potempa, 1990; Miller, 1996; Nowoslawski et al., 2005;
Valles et al., 1997; Vangipuram et al., 2008; Vaudry et al., 2002; West et al., 1984, 1990;
Xu et al., 2005; Young et al., 2003). There is compelling evidence in vivo and in cultured
neurons that ethanol-related neuron death is by apoptotic processes which can be
mechanistically connected to ethanol-initiated oxidative stress (Ramachandran et al., 2003;
Rathinam et al., 2006; Watts et al., 2005). There appear to be multiple apoptotic pathways
activated in neurons by ethanol, including the well documented intrinsic components
associated with effector caspase (caspase-3) activation and DNA damage (Ramachandran et
al., 2001, 2003). The latter is reflected in end-point DNA fragmentation in neurons
committed to apoptotic death (Ramachandran et al., 2003; Watts et al., 2005). However,
increases in TUNEL positive cells have also been documented in neonatal brains following
in vivo ethanol exposure and in ethanol-exposed cultured fetal cerebral cortical neurons
(Maffi et al., 2008). This suggests lesser DNA damage such as nicks which are produced by
reactive oxygen species. Other than an ethanol-related AIF release by brain mitochondria
(Ramachandran et al., 2001), little is known about mechanisms underlying ethanol induction
of DNA damage in neurons. However, the occurrence of oxidative stress in this setting
supports the concept that DNA strand nicks occur, which would trigger PARP-1 activation.

PARP-1 is a Zn-finger nuclear protein activated by DNA strand breaks and utilizes β-NAD
as a substrate to catalyze the synthesis of ADP-ribose polymers on nuclear proteins,
including PARP-1 itself (Kameshita et al., 1984). Kaufman et al (1993) first described the
cleavage of PARP-1 during apoptosis in cells treated with different drugs. Full length
PARP-1 is 113kDa which, during apoptosis is cleaved at the DEVD site to generate an 89-
and a 24kDa fragment (Kaufmann et al., 1993; Lazebenik et al., 1994; Los et al., 1997,
1999; Nicholson et al., 1995). Both oxidative and nitrosative stress can trigger DNA strand
breakage thereby activating PARP-1 in turn affording protection against cellular injury in
various types of oxidant-induced cell death in vitro (Szabo and Dawson, 1998). Yet,
excessive and possibly prolonged DNA damage causes hyperactivation of PARP-1 and the
related massive NAD+ usage can affect cellular energetics and function (Sims et al., 1983;
Yamamoto et al., 1981). PARP-1 plays a key role in neuronal death and survival under
multiple stress conditions (Virag and Szabo, 2002). Its activation is a mediator of neuron
death during excitotoxicity, ischemia, and oxidative stress, such that PARP-1 gene deletion
or pharmacological inhibition can markedly improve neuronal survival in these settings
(Eliasson et al., 1997; Endres et al., 1997; Mandir et al., 2000; Zhang et al., 1994).

Finally, there are functional associations between AIF and PARP-1. Yu et al (2002 and
2006) demonstrated that PARP-1 activation signals translocation of AIF, a 67 kDa
flavoprotein, from the mitochondria to the nucleus, resulting in a “caspase-independent”
pathway of programmed cell death. The following studies address the activation of these
apoptosis pathways in cultured fetal cortical neurons exposed to ethanol.

MATERIALS AND METHODS
Minimal essential medium (MEM), fetal bovine serum, horse serum, and tissue culture
plastics were from Invitrogen Corp (Carlsbad, CA). Apotag Fluorescein kits were from
Millipore (Billerica, MA) Inh2BP, Benzamide, polylysine, uridine and 5-fluoro-2’-
deoxyuridine were from Sigma Chemicals (St Louis, MO). Fluorescence–tagged secondary
antibodies were purchased from Jackson Immunoresearch Laboratories (West Grove, PA).
Alkaline phosphatase conjugated secondary antibodies were purchased from Vector
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Laboratories (Burlingame, CA). Antibodies towards AIF and PARP-1 were from Santa Cruz
Biotechnologies (Santa Cruz, CA). The kit for protein estimation was from Bio-Rad
(Hercules, CA). Nitrocellulose membrane was from Schleicher & Schuell (Keene, NH);
chemiluminescence reagent kit from Pierce (Milwaukee, WI) X-OMAT AR film was from
Eastman Kodak (Rochester, NY); and all other reagents were purchased from Sigma-
Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).

Cell Culture
Primary cortical neuron cultures from embryonic day 16-17 rats were prepared as described
by Dutton (1990). The dorsolateral cerebral cortex was carefully dissected from the fetal
brain and finely minced and dissociated in Hank’s balanced salt solution (HBSS). Cells were
then titrated in minimal essential medium (MEM) supplemented with 10% fetal bovine
serum and 10% horse serum and were counted and seeded on dishes. All dishes and
coverslips are coated with poly-D-lysine overnight. Neurons were maintained in the above-
described media at 37°C in a humidified atmosphere of 95% air and 5% CO2. After 24 hr,
the media was replaced with MEM containing 10% horse serum and uridine (10 mg/ml) and
5-fluoro-2’-deoxyuridine (4 mg/ml) to prevent the growth of astrocytes. Media were again
changed 48 hr later (MEM with 10% horse serum). On the fifth day of culture, the cells were
treated with ethanol for various time points. This is a well-documented culture system,
largely free of glia, in which viability of neurons is maintained throughout the 6 days of
culture. We confirmed that there was greater than a 95% purity of neuron populations by
staining with an antibody specific for MAP2 (data not shown). For all experiments, controls
were included for each measure and time point to compensate for any culture-related
changes, and the numbers of replicates are noted in the figure legends.

Treatment
On the fifth day of culture, 5.1 μls of ethanol (200 proof) were added directly per 1 ml of
media, yielding an initial concentration 4.0 mg/ml; thus neither ethanol-treated cells nor
control cells were exposed to a medium change on the day of treatment. For ethanol-exposed
cells, a beaker filled with ethanol was left overnight in the incubator to minimize
evaporation from the medium. This is a system that effectively maintains ethanol
concentrations in the medium (Devi et al., 1993). The ethanol concentration 4.0 mg/ml will
decline to not less than about 3.8 mg/ml, within 24 hours. This was confirmed by assays of
ethanol concentration by the alcohol dehydrogenase method. For all treatments, controls
were included that were matched for time in culture. Justifications for the models: The 4 mg/
ml concentration is not commonly seen clinically, but in select experiments e.g. AIF release,
both 2.5 and 4 mg/ml ethanol concentrations were utilized to extend interpretation of the
data past a mechanistic proof of concept. We have observed a comparable permeabilization
of fetal brain mitochondria that had been exposed to ethanol in in vivo binge settings where
maternal blood ethanol levels peaked at about 2.5 mg/ml (Ramachandran et al., 2001).
Additionally the in vitro studies below were short-term whereas alcohol abuse is usually
prolonged, and our intent was to reflect the relatively high ethanol levels that have been
shown to elicit maximal damage to the developing brain. The use of cerebral cortical
neurons reflects an extensive literature illustrating ethanol effects on the cerebral cortex in
vivo and on cultured fetal cortical neurons (see the Introduction).

Subcellular Fractionation
Subcellular fractionations were modified from the protocol described by (Nijhawan et al.,
2003). Cortical neurons that were seeded at a density of 8.5×106 cells/ml were harvested in
PBS. After centrifugation at 1000g, the cell pellet was resuspended in Buffer (20 mM
HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 250 mM
Sucrose and protease inhibitors) and neurons lysed by passage through a 23-gauge needle 20
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times. The lysate was centrifuged at 1000g, 10,000g, and 100,000g yielding the nuclear,
mitochondrial and microsomal membrane pellets, respectively. The 100,000g supernatant
was the cytosolic fraction. Nuclear proteins were extracted from the 1000g pellet in
extraction lysis buffer (20 mM Tris, 125 mM NaCl, 5 mM MgCl2, 0.2 mM EDTA, 12%
glycerol and 0.1% NP40 (with protease inhibitors) and the nuclei sonicated. The suspension
was then spun at 14,000 rpm. Prior to processing samples by the subcellular fractionation
method, parts of the whole protein extracts were set aside and assessed for equal starting
concentration of protein using β-tubulin. After fractionation, mitochondrial and nuclear
fractions were checked for purity using anti-cytochrome C oxidase subunit II and anti- H2B
respectively.

Immunostaining
Neurons cultured on cover slips coated with poly-D-lysine overnight were washed with
PBS, this was followed by fixation in 2% paraformaldehyde in PBS at room temperature,
followed by incubation in blocking solution (2% normal goat serum, 2% fish skin gelatin,
0.25% Triton ×100 and 1% bovine serum albumin in PBS) and incubation overnight with
primary antibody. Cells were washed with PBS and then incubated with secondary antibody
(FITC or CY3 conjugated antibody) in blocking solution. Cells were washed with PBS and
DAPI was added to stain for nuclei. Fluorescence microscopy was performed using an
Olympus B-MAX microscope (Olympus, Tokyo, Japan) and recorded on a “Spot II” digital
camera (Diagnostic Instruments, Tokyo, Japan). The exposure time used to image controls
was kept constant for imaging experimental samples. Image J software provided by NIH
was used to quantify signal intensity and the threshold for fluorescent measurements was
kept constant while measuring across images to eliminate errors in quantifying signal
intensities.

Western Blotting
The protein concentration of extracts of neurons was determined using the Biorad assay
according to the manufacturer’s instructions. Western blotting was performed and
membranes were incubated with a 1:250 dilution of primary antibody. The primary antibody
was detected using HRP-conjugated secondary anti-rabbit or anti-goat or anti-mouse
antiserum followed by use of a chemiluminescence reagent kit according to the
manufacturer’s instructions. The blots were subject to autoradiography. In some cases, AP
conjugated secondary antibodies were used followed by color development with NBT/BCIP
to visualize protein bands. Quantifications of bands were done by scanning autoradiographs
and saving files as TIFF images and then using Scion Image software (NIH) to quantify
bands.

TUNEL Staining
Staining protocol provided with the apoptag kit was followed. Cells were grown on
coverslips coated with poly-D-lysine overnight, washed with PBS, and fixed in 1%
paraformaldehyde. Neurons were post fixed in pre-cooled Ethanol: Acetic acid (2:1) at
-20°C. TdT enzyme was pipetted onto the section and incubated in a humidified chamber.
The cells were washed with three changes of PBS, anti-dioxigenin fluorescein conjugate was
added on the coverslip, and incubated in a humidified dark chamber. Mounting was carried
out by applying a mounting medium containing DAPI. Fluorescence microscopy was
performed using an Olympus B-MAX microscope (Olympus, Tokyo, Japan) and recorded
on a “Spot II” digital camera (Diagnostic Instruments, Tokyo, Japan).
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Statistical Analysis
One-way ANOVA was used to determine statistical significance of the data. Significant
differences among control and ethanol-treated samples were calculated using the
Bonferroni’s multiple comparison test with the Prism Biostatic Program (GraphPad
Software, San Diego, CA). A P value of <0.05 was considered statistically significant.

RESULTS
Ethanol-induces DNA damage

DNA damage is one of the hallmarks of apoptosis, the visualization of which is possible by
TUNEL staining, an assay for DNA breaks by enzymatic labeling of free 3’-OH termini. In
Fig.1, the control panels were obtained prior to ethanol (4.0 mg/ml) treatment and most cell
nuclei appear normal and uncondensed as seen by DAPI (blue) stain. However, by 4 hours
of ethanol exposure (4.0 mg/ml), there were increases in DNA nicks localized in the nuclei
as seen by FITC (green) stain and some cells exhibit chromosomal condensation. Ethanol
treatment for 24 hours elicited much more extensive chromosomal condensation, yet at this
time point there are cells that are resistant to ethanol treatment. We have recently
experimentally addressed this question of selective vulnerability to ethanol (Maffi et al.,
2008). The initial DNA damage e.g. nicks, illustrated in Figure 1 occurred much earlier after
ethanol exposure than late-stage DNA fragmentation which does not become statistically
significant until 12 hours of ethanol exposure (Ramachandran et al., 2003;Watts et al.,
2005). Five different fields were randomly photographed for each treatment. A
representative photograph for each treatment is featured in Fig 1.

Ethanol increases expression of PARP-1, its activation and inactivation
Ethanol elicits in cultured fetal cortical neurons, a rapid increase in ROS which is ultimately
followed by increased measures of DNA fragmentation and apoptotic death (Ramachandran
et al., 2003; Rathinam et al., 2006; Watts et al., 2005). Figure 2 illustrates that ethanol (4
mg/ml, 24 hours) produced enhanced PARP-1 expression which was heightened about 10
fold as compared to the control (Panel A). This increase is further illustrated in the
accompanying bar graph (Panel B). The antibody used for these studies detected the full
length protein as well as the 24kDa fragment. Three random fields were photographed and
individual cells (n=5) were quantified from control and ethanol treated samples.

Nuclear and cytoplasmic proteins are covalently modified by PARP and poly(ADP-
ribosyl)ation may play roles in PARP-1 -related cell death (Hong et al., 2004). The effects of
ethanol on activity of PARP-1, as reflected by Poly(ADP-ribose) (PAR) polymer-protein
formation in the nucleus, is illustrated in Figure 3. Since these are nuclear extracts, H2B was
used as loading control. Increased PARylation of nuclear proteins was apparent as early as
15 minutes of ethanol exposure (4 mg/ml) and this peaked by 6 to 8 hours of continued
treatment. This blot is a representation of n=3 experiments.

Prior studies have illustrated that ethanol rapidly activates caspase-3 –dependent apoptotic
cascades in cultured fetal cortical neurons. Caspase-mediated inactivation of PARP-1 by
cleavage from the full length 113kDa protein at the DEVD site, to 89- and 24kDa fragments
is a feature of apoptosis. The antibody used to follow the cleavage of PARP-1 recognizes the
N-terminal 24kDa fragment. Figure 4 demonstrates an ethanol-related increase in this 24kDa
fragment within 4 hours of exposure. By 24 hours of ethanol exposure (4 mg/ml), PARP-1
cleavage was strikingly increased compared to respective controls (control data not shown).
Fig 4 also illustrates that inhibition of caspase by a broad spectrum inhibitor, zVAD,
dramatically reduced the ethanol-related PARP-1 cleavage. Fig. 4 is a representation of n=3
experiments.
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These experiments illustrate that in neurons exposed to ethanol 1). DNA damage occurs, 2).
Initially, PARP-1 expression and activity are increased and, 3). With longer exposure,
PARP-1 is inactivated, mostly by caspase cleavage.

Ethanol elicits rapid relocalization of AIF to the nucleus
In utero ethanol exposure can elicit release of AIF from mitochondria derived from fetal
brains, an event potentially connected to PARP-1 activation (Hong et al., 2004;
Ramachandran et al., 2003). Figure 5 illustrates this response in the cultured neurons
showing AIF relocalization to the nucleus. On ethanol treatment (4.0 mg/ml), AIF
translocates from mitochondria to the nuclei with a clear increase in nuclear content within 6
hours of exposure, by 24 hours of treatment, this translocation appeared complete. AIF
together with EndoG (data not shown) can induce the chromatin condensation and DNA
fragmentation, typical of apoptosis (Fig. 1).

DISCUSSION
During brain development juvenile neurons die in a normal physiological process that
defines the adult number and functionality of neurons in the adult CNS. Programmed cell
death plays a major role in this process (Yuan and Yankner, 2000) and numerous studies
have documented that ethanol exposure increases this normal culling of neurons. A push by
multiple laboratories has been directed towards elucidating specific apoptotic pathways
activated by ethanol (Mooney and Miller, 2001; Ramachandran et al., 2003; Heaton et al.,
2003; Young et al., 2005). Relatively unexplored areas are DNA damage responses to
ethanol that would be expected to occur in the presence of oxidative stress (Ramachandran
et al., 2003; Watts et al., 2005) and the related AIF components of neuron apoptosis
pathways (Ramachandran et al., 2001).

Ethanol and DNA Damage
There are few reports detailing ethanol-related damage of neuron DNA of the sort that
activates PARP-1. There is evidence that direct exposure to ethanol and acetaldehyde can
elicit neuronal DNA damage, albeit with different profiles, and that ethanol-generated DNA
alterations may not necessarily result in a measurable decline of neuron viability (Lamarche
et al., 2004). In the liver, ethanol can elicit single-strand breaks/nicks which appear to be
connected to free radical production (Navasumrit et al., 2000) and this is likely the case in
the above studies. The occurrence of such rapid DNA damage in neurons is not surprising
given the well documented ability of ethanol to generate reactive oxygen species in the
developing brain and in cultured neurons (Heaton et al., 2003; Kotch et al., 1995; Maffi et
al., 2008; Ramachandran et al., 2001, 2003). In these fetal rat cerebral cortical neuron
cultures, we have previously observed a remarkably rapid onset of increased cell content of
reactive oxygen species, within minutes of ethanol exposure (Ramachandran et al., 2003).
However, measures of end-stage, apoptosis-related DNA fragmentation in these cultures did
not reach significance until about 12 hours of treatment (Ramachandran et al., 2003, Watts
et al, 2005). The data in Figure 1 illustrate that a relatively short exposure to ethanol can
elicit DNA nick damage as evidenced by the increased tunnel staining and that this is
concomitant with a relatively low abundance of overt nuclear condensation.

Ethanol and PARP-1 activation
The duality of PARP-1 function is well illustrated in the above studies with ethanol. DNA
strand nicks and breaks (single and double strand) are triggers of PARP-1 activation, this
damage being elicited by a variety of environmental stressors which include hydrogen
peroxide, hydroxyl radicals and nitrogen centered radicals. With low levels of DNA damage,
PARP-1 is a survival factor that is involved in DNA repair. However, at high levels of DNA
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damage, PARP-1 promotes cell death (Kim et al., 2005; Koh et al., 2005 for reviews). The
products of PARP-1 are PAR polymers which covalently modify proteins (PARylation).
Among nuclear target proteins for PARylation are a variety of transcription factors and core
and linker histones, thus responses to alterations of these various activities and domains
elicit multiple effects at the nuclear level (Kim et al., 2005). The rapid onset (15 minutes) of
PARylation (Fig. 3) following ethanol exposure is a reflection of PARP-1 activity and, at
this early stage, we are likely observing the nick sensor role of PARP-1 and commencement
of related DNA repair (de Murcia and Menissier, 1994). The origin of this damage may be
connected to the rapid onset of ethanol-related oxidative stress (Ramachandran et al., 2003,
Watts et al., 2005) and many of the cells may not be committed to apoptotic death at these
early time points. Recent studies have illustrated that the neurons which ultimately commit
to ethanol-mediated apoptotic death are those least able to generate glutathione and counter
the enhanced production of reactive oxygen species (Maffi et al., 2008). Thus, the increase
in nuclear protein PARylation within 15 minutes of ethanol treatment is consistent with a
chain of events comprising a rapid increase in neuron content of reactive oxygen species
followed by DNA damage, and concomitant activation of PARP-1 –related DNA repair
processes. However, with longer term ethanol exposure, the pro-death activities of PARP-1
may become significant.

There is abundant evidence supporting a connection between overactivation of PARP-1 and
cell death, and this being a dominant process in CNS disorders (Kim et al., 2005; Koh et al.,
2005). In a variety of pathological settings, inhibition of PARP-1 can provide cytoprotection
e.g. ischemic injury, glutamate toxicity, and injury produced by reactive oxygen species
(Hong et al., 2004, Pieper et al., 1999;Zhang et al., 1994). Details of the precise mechanisms
underlying the cell death process are a work in progress, but among the multiple
physiological roles for PARP-1, many are likely related to poly-ADP-ribosylations of
proteins. In addition to ribosylation-related inhibition of an assortment of enzyme activities,
PARP-1 is itself an aggressive enzyme that can rapidly deplete cellular NAD+ and ATP
(Hong et al., 2004). Fig. 3 illustrates that ethanol strikingly increases PARylation of nuclear
proteins with a peak at around 6 hours of exposure. There is a clear decrease in nuclear
protein PARylation after 8 hours of ethanol treatment with it reverting to control levels by
24 hours of exposure. The data in Fig. 4 offer an explanation for this and illustrate a system
by which the neuron can mitigate and ultimately block cytotoxic PARylation. PARP-1 is
inactivated by caspase-3 cleavage into 89- and 24kDa fragments. This occurs during
apoptosis due to caspase-3 activation (Kaufmann et al., 1993; Lazebenik et al., 1994). In
these cultured cortical neurons, ethanol-mediated apoptosis is associated with caspase-3
activation as early as 2 hours after ethanol treatment but it only reaches statistical
significance after 6 hours (Ramachandran et al., 2003). Fig 4 illustrates that within 4 hours
of ethanol exposure, there is an increase (albeit not statistically significant) in the 24 kDa
PARP-1 fragment and striking increases in the caspase-3 cleavage product within 24 hours
of ethanol exposure. Also illustrated, is a substantial inhibition of PARP-1 cleavage at the 24
hour point by treatment of cells with a caspase inhibitor, zVAD. Taken together, Figures 3
and 4 illustrate that ethanol treatment generates a conspicuous increase in nuclear protein
PARylation and that within 12 hours, PARP-1 cleavage/inactivation by caspase-3 reduces
these PARylations. At this juncture, we do not know if PARylation plays significant roles in
the ethanol-mediated apoptosis occurring in these cells, but it is highly likely that the
apoptosis-related DNA fragmentation that occurs within 12 hours of ethanol treatment is
connected to mitochondrial AIF release which, in turn, may be mediated by PARP-1 (Fig 6)
(Hong et al., 2004).
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Ethanol and AIF
Prior studies have illustrated that in utero exposure to ethanol elicits release of AIF from
mitochondria isolated from fetal brain (Ramachandran et al., 2001). When cells are exposed
to cytotoxic insults that elicit apoptosis, AIF is released from mitochondria and its
subsequent translocation to the nucleus is a typical feature of apoptotic death. We have also
found that EndoG along with AIF (data not shown). Once translocated, these compounds
play an apparently synergistic role in digestion of DNA (Modjtahedi et al., 2006 for a
review). AIF induces chromatin condensation and DNA fragmentation of the sort that we
have observed in these cells within 12 and 24 hours of ethanol exposure (Ramachandran et
al., 2003; Susin et al., 1999; Watts et al., 2005; Ye et al., 2002). Figure 5 illustrates a time
course for effects of ethanol on mitochondrial to nuclear translocation of AIF. Within 6
hours of exposure to ethanol, mitochondrial content of the protein is decreased and within 12
hours, depletion is extensive. This is accompanied by increases in nuclear AIF that is
clearest at the 24 hour exposure point. The means by which AIF is released from
mitochondria is controversial, but the composite of the literature supports there being
caspase dependent and independent pathways, these depending on cell type and death
stimuli (Dawson and Dawson, 2004; Yuste et al., 2005). Relevant to the current setting, is
that an extensively documented function of PARP-1 is mediation of AIF translocation
during cell death (Hong et al., 2004; Yu et al., 2002). One model has it that AIF release may
be connected to actions of PAR polymers (Hong et al., 2004). It is tempting to speculate,
based on the sequence of events documented in the above studies, that PARP-1 activation is
a player in ethanol-mediated release of AIF. The time frames certainly support this role for
PARP-1. Future studies will be needed to establish causality.

PARP-1 –related apoptotic pathways activated by ethanol
The ethanol-related DNA damage, PARP-1 activation, and AIF nuclear translocation
documented in these studies are components of complex, interconnected events that
ultimately generate apoptotic death of fetal cerebral cortical neurons. The activation of
PARP-1, concomitant with increased cell ROS further supports previous studies illustrating
that oxidative stress is a key initial player in the ethanol-mediated apoptotic death of these
neurons (Maffi et al., 2008; Ramachandran et al., 2003; Rathinam et al., 2006; Watts et al.,
2005). Figure 6 outlines key elements of apoptosis-related measures that we have found to
be activated by ethanol in these cells and some of their interconnections. The earliest event
in response to ethanol that we have detected is increased production of reactive oxygen
species (ROS). Following this is increased expression of mitochondrial 4-hydroxynonenal
(less than one hour), a lipid peroxidation product, and decreased cellular glutathione
(Ramachandran et al., 2003). If cellular GSH is normalized either by added N-acetylcysteine
or the presence of astrocytes, the increase in ROS is blocked as are the apoptotic responses
(Ramachandran et al., 2003; Watts et al., 2005). Increased cytochrome C release follows
within 2 hours and caspase-3 activation reaches statistical significance within 12 hours. We
propose that the initial DNA damage which activates PARP-1 is caused by ROS and that the
later DNA fragmentation and chromosomal condensation result from AIF (and EndoG)
translocation to the nuclear compartment. The mechanisms underlying mitochondrial release
of AIF remain to be firmly established, but PAR-related actions (dashed line) are strongly
supported by studies from other laboratories.
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Figure 1. Ethanol increases DNA damage and nuclear condensation
This panel illustrates the effects of ethanol on neuronal DNA damage. Cells were treated
with 4mg/ml ethanol for 4 and 24 hours and assessed for DNA damage and chromatin
condensation using the TUNEL assay. DNA damage as assessed by TUNEL can be
visualized by the green FITC stain and the nuclei are stained blue with DAPI. The first
column shows increases in the number of cells that demonstrate DNA damage. The middle
column shows all the nuclei of cells present in the field, the number of condensed nuclei
being far greater in the 24 hours ethanol treated row. The right most column is a merge of
the TUNEL and DAPI stained pictures. Arrows point to examples of condensed nuclei.
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Fig 2. PARP-1 expression is enhanced with ethanol treatment
Neurons grown on cover slips were treated with 4mg/ml ethanol for 24 hours.
Immunofluorescent staining was done using anti-PARP-1 antibody followed by Cy-3
conjugated rabbit secondary antibody. There is a robust increase in PARP-1 expression in
ethanol exposed samples, primarily in the nuclei (Fig. 2A). Fig. 2B is a composite of five
random fields. The intensity increase is approximately 10 fold (n=5, *= p<0.0002).
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Fig 3. Ethanol elicits a time-dependent induction of nuclear protein PARylation
Increased PARylation is apparent within 0.25 hours of ethanol treatment and peaks between
6-8 hours of ethanol (4mg/ml) exposure as detected by western blot analysis with an
antibody to PAR. H2B was used as loading control (Data represents n=3 experiments).
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Fig 4. PARP-1 is inactivated by caspase-3
PARP-1 is cleaved from a full length 113kDa during apoptosis to generate an 89- and a
24kDa fragment. To detect the cleavage of PARP-1 an antibody was used that recognizes
the N-terminal 24kDa fragment. With increased duration of ethanol exposure (4, 12 and 24
hours), there are increases in PARP-1 which reach statistical significance (p<0.05) by 24
hours of exposure. Caspase inhibition with zVAD during the 24 hour ethanol (4mg/ml)
treatment reduced expression of the 24kDA band. Data represents n=3 experiments. (* = p<
0.05)

Cherian et al. Page 16

Alcohol Clin Exp Res. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5. Ethanol increases translocation of AIF from mitochondria to the nuclear compartment
Neurons were treated with E (4 mg/ml) for 2, 6 and 24 hours. The expressions of AIF were
detected by western blotting using anti-AIF primary antibodies. The primary antibodies
were detected using HRP-conjugated secondary antibodies followed by use of a
chemiluminescence reagent kit (ECL). Data represents n=3 experiments
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Fig. 6. PARP-1 -related events in response to ethanol exposure
Within minutes of ethanol exposure, there is an enhanced expression of reactive oxygen
species (ROS) in cultured fetal rat cerebral cortical neurons (Heaton et al., 2003; Kotch et
al., 1995; Maffi et al., 2008; Ramachandran et al., 2001, 2003). This scheme presents the
concept that PARP-1 is activated secondary to DNA damage, ultimately leading to
PARylation of nuclear proteins. Within 2 hours of ethanol exposure there is an observable
increase in translocation of AIF to the nuclear compartment, an event that may be mediated
by PARP-1. Within 12 hours of ethanol treatment, there is caspase-3 -mediated inactivation
of PARP-1. However, the DNA fragmentation process has already commenced in select
neurons, in response to nuclear accumulation of AIF.

Cherian et al. Page 18

Alcohol Clin Exp Res. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


