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Abstract
Collaborating on studies of subchronic daily intoxication in juvenile and adult rats, we examined
whether the repetitive ethanol treatments at these two life stages altered levels of key
neuroinflammation-associated proteins—aquaporin-4 (AQP4), certain phospholipase A2 (PLA2)
enzymes, PARP-1 and caspase-3—in hippocampus (HC) and entorhinal cortex (EC). Significant
changes in the proteins could implicate activation of specific neuroinflammatory signaling
pathways in these rats as well as in severely binge-intoxicated adult animals that are reported to
incur degeneration of vulnerable neurons in HC and EC. Male Wistar rats, ethanol-intoxicated (3
g/kg i.p.) once daily for 6 days over an 8-day interval beginning at 37 days old and repeated at age
68–75 days, were sacrificed one hr after the day 75 dose (blood ethanol, 200–230 mg/dl). Analysis
of HC with an immunoblot technique showed that AQP4, Ca+2-dependent PLA2 (cPLA2 IVA),
phosphorylated (activated) p-cPLA2, cleaved (89 kD) PARP (c-PARP), and caspase-3 levels were
significantly elevated over controls, whereas Ca+2-independent PLA2 (iPLA2 VIA) was reduced
~70%; however, cleaved caspase-3 was undetectable. In the EC, AQP4 was unchanged, but
cPLA2 and p-cPLA2 were significantly increased while iPLA2 levels were diminished (~40%)
similar to HC, although just outside statistical significance (p=0.06). In addition, EC levels of
PARP-1 and c-PARP were significantly increased. The ethanol-induced activation of cPLA2 in
association with reduced iPLA2 mirrors PLA2 changes in reports of neurotrauma and also of
dietary omega-3 fatty acid depletion. Furthermore, the robust PARP-1 elevations accompanied by
negligible caspase-3 activation indicate that repetitive ethanol intoxication may be potentiating
non-apoptotic neurodegenerative processes such as parthanatos. Overall, the repetitive ethanol
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treatments appeared to instigate previously unappreciated neuroinflammatory pathways in vivo.
The data provide insights into mechanisms of binge ethanol abuse that might suggest new
therapeutic approaches to counter neurodegeneration and dementia.

Keywords
alcohol; neuroinflammation; PLA2; AQP4; neurodegeneration; arachidonic acid; PARP-1;
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Introduction
Chronic alcohol (ethanol)-induced brain degeneration comprises a major reason for
cognitive deficits worldwide (Carlen et al., 1994; Eckardt and Martin, 1986; Gupta and
Warner, 2008), although this fact is often overlooked in reviews of acquired brain damage
and cognitive impairment. In experimental models, repetitive ethanol binging sufficient to
achieve relatively sustained high blood levels cause substantial brain neurodegeneration.
One in vivo approach with adult rats, the Majchrowicz model (Majchrowicz, 1975; Switzer
et al., 1982), utilizes daily repetitive gavage or intubation (12–15 g/kg/d) over 4 d to cause
ethanol withdrawal symptoms along with degeneration of temporal cortical (esp. entorhinal
cortical) pyramidal neurons and hippocampal dentate granule cells (Collins et al., 1996).
Consistent with the neuronal damage, such treated rats show impaired neurobehavior and
learning (Cippitelli et al., 2010; Obernier et al., 2002b). In the above binge model or its less
severe adaptations, excitotoxicity is apparently not a chief mechanism of neurodegeneration
(Collins and Neafsey, 2012a); rather, neuroinflammatory and possibly neuroimmune-related
pathways, often involving excessive oxidative stress, are likely to be important.

Ethanol-dependent oxidative stress of a severe nature could arise via several avenues. One
possible route has been suggested to be triggered by binge ethanol-induced brain edema/
swelling that could initiate, directly or indirectly, excessive phospholipase A2 (PLA2)
activation and arachidonic acid (AA) mobilization (Collins and Neafsey, 2012b). There is a
body of experimental evidence linking PLA2 to cell swelling and mobilized AA to
downstream oxidative stress. Levels and activity of brain water channels such as
aquaporin-4 (AQP4), expressed mainly in astroglia, that could regulate cellular edema are
thus of specific interest. Indeed, pharmacological antagonism of AQP4 in adult rats during
chronic binge ethanol intoxication suppresses edema in the brain as well as neuronal damage
in the hippocampus (HC) and entorhinal cortex (EC) (Sripathirathan et al., 2009); also,
repetitive ethanol treatment of organotypic rat slices of HC and EC in culture, modeling
binge intoxication in vivo, increases AQP4 levels, while the AQP4 antagonist,
acetazolamide, prevents slice edema and neurodegenerative sequelae. Other research has
shown that knockdown or antagonism of AQP4 is neuroprotective with respect to insults
producing cytotoxic (cellular) edema (Manley et al., 2000). As further proof for a key
neuroinflammatory role for AQP4, the water channel was essential for significant elevations
in proinflammatory cytokines after endotoxin exposure in transgenic mice (Li et al., 2011).

Asking whether repeated ethanol intoxication bouts would significantly alter in vivo levels
of brain AQP4 and selected PLA2 enzymes, we examined HC and EC samples from rats
that had been subjected to a relatively moderate, “binge-pattern” ethanol intoxication
regimen as juveniles and again as young adults (Przybycien-Szymanska et al., 2011). Our
immunoblot assays of HC and EC extracts provided levels of AQP4 and several PLA2
families often associated with neuroinflammation—Ca+2-dependent PLA2 (cPLA2 IVA), its
activated (phosphorylated) p-cPLA2, and Ca+2-independent PLA2 (iPLA2 VI). Lacking
histological evidence of neurodamage, we questioned whether neurodegeneration pathways
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were stimulated by repetitive ethanol intoxication by determining levels of poly (ADP-
ribose) polymerase-1 (PARP-1), cleaved PARP (c-PARP), caspase-3 and cleaved caspase-3.
PARP-1 is linked via co-activation of NF-kappaB (NF-κB) transcription factor to oxidative
stress and inflammation in various tissues including brain (Hassa et al., 2002). Our results
provide the first in vivo indications of PLA2-associated neuroinflammatory perturbations in
susceptible brain regions of repetitive ethanol-intoxicated adult rats that might involve
AQP4, and of possible instigation of neurodamaging pathways via PARP-1-related
mechanisms.

Materials and Methods
Materials

Antibodies used were: AQP4 (sc-20812), cPLA2 IVA (sc-454) and ser 505 p-cPLA2 IVA
(sc-34391), Santa Cruz Biotechnology, Santa Cruz CA; iPLA2 VIβ (07-169), Upstate
Biotech, Lake Placid NY; PARP-1 (9542s) and caspase-3 (9662), Cell Signaling, Danvers
MA. Secondary antibodies were from Jackson ImmunoResearch (West Grove PA),
Glyceraldehyde phosphate dehydrogenase (GAPDH; sc-166545) was from Santa Cruz
Biotechnology, and luminol reagent for immunoblot detection was from Pierce Chemical
Co. (Rockford IL). Other chemicals and reagents were from Sigma Chemical Co. (St. Louis
MO).

Animal and animal procedure
Following a Loyola University IACUC-approved protocol, juvenile (37 d) and adult (68 d)
male Wistar rats (Charles River Laboratories, Wilmington, MA) were treated
intraperitoneally (i.p.) at ~10 am daily over eight (8) successive days with ethanol (3 g/kg/d)
and/or an equivalent volume of isotonic saline according to Przybycien-Szymanska et al.
(Przybycien-Szymanska et al., 2011), and summarized as follows:

Juvenile (days old) Adult

Group (37→39 [40–41 saline] 42→44) (68→70 [71–72 salinel 73→75)

Juvenile+Adult repetitive intoxication Ethanol 3g/kg ip once a day Ethanol 3g/kg ip once a day

Controls for above Isotonic saline ip once a day Isotonic saline ip once a day

Rats were sacrificed by decapitation one hr after the last injection and trunk blood was
collected for assay of blood ethanol levels (BEL) by spectrophotometry using a Pointe
Scientific alcohol reagent kit (Canton MI). Intact brains were removed and frozen for later
dissection. Hippocampus (HC) and entorhinal cortex (EC) were removed and homogenized
for 15–30 sec in 500 ul RIPA buffer (25 mM Tris, 150 mM NaCl, 1% Triton X100, 1%
sodium deoxycholate (SDS), and 0.1% sodium dodecyl sulfate (SDS)) containing protease
inhibitor and phosphatase inhibitor cocktails (#p8340 and #p5726, respectively; Sigma
Chemical Co., St. Louis MO). Homogenates were centrifuged 10 min @ 13,000 rpm and
supernatants were collected.

Immunoblot analyses
Immunoblots of proteins in supernatants from HC and EC homogenates were performed
according to standard protocols. Protein concentrations of each sample were determined
with the bicinchoninic acid method. An aliquot containing 40 μg total protein/sample was
applied to each lane and separations were achieved with 4–12% SDS PAGE. Proteins were
transferred electrophoretically to PVDF membranes. Non-specific binding was blocked
either by 1% bovine serum albumin or 5% nonfat dry milk for 1 hr at room temperature in
1X tris-buffered saline-Tween 20 (TBST), pH 8.0. Subsequently, membranes were
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incubated overnight at 4°C with primary antibodies of AQP4 (1:1000), cPLA2 (1:500), p-
cPLA2 (1:500), iPLA2 (1:200), sPLA2 (1:200), PARP (1:1000) or Caspase-3 (1:500).
Membranes were washed three times with 1X TBST for 10 min each. Either anti-goat, anti-
rabbit or anti-mouse horse radish peroxidase-conjugated IgG or IgM were used as secondary
antibodies, and luminol reagents were used as a tracer to detect the bands on the blots. To
facilitate calculation of levels, membranes were stripped in Tris-HCl, SDS and
mercaptoethanol, and reprobed with GAPDH (1:1000) as standard. The intensity of
immunostaining was analyzed by scanning the images with LABwork 4.5 image acquisition
and analysis software from Ultra Violet Products (Upland CA).

Statistical analyses
Immunoblot intensity results were expressed as means +/− sem, and analyzed for stastical
significance (p<0.05 or p<0.01) by Tukey's t-test and one-way analysis of variance
(ANOVA) with completely randomized design.

Results
In juvenile+adult ethanol-intoxicated rats one hour after the last adult injection of 3 g/kg
ethanol, the blood ethanol level (BEL) range was 200–230 mg/dl (Przybycien-Szymanska et
al., 2011), which is in the mid-range of clinical blood levels reported in binging alcoholics
(Adachi et al., 1991).

AQP4
Figure 1 shows representative immunoblots of AQP4 and GAPDH in HC and EC;
quantitation of blots showed that in repetitive ethanol (E)-intoxicated rats the AQP4 levels in
HC were ~50% higher than controls (*p<0.05) an hour following the last ethanol treatment,
whereas in EC the levels of AQP4 at this timepoint were not different between ethanol and
control rats.

cPLA2 IVA and phospho-cPLA2 (p-cPLA2)
Figure 2A shows representative immunoblots of cPLA2 IVA and GAPDH in HC and EC;
levels of cPLA2 in HC and EC one hour after the last ethanol dose were elevated ~100%
above controls (*p<0.05) in HC and ~45% (**p<0.01) in EC. Figure 2b shows
representative immunoblots of p-cPLA2 and GAPDH in HC and EC; consistent with cPLA2
elevations, levels of activated p-cPLA2 in the HC and EC of ethanol-intoxicated rats were
found to be significantly increased 30% (*p<0.05) and 118% (*p<0.05) above controls,
respectively.

iPLA2 VIβ
Figure 3 shows representative immunoblots of iPLA2 and GAPDH in HC and EC; ethanol-
intoxicated rats displayed marked reductions in the levels of iPLA2 in HC (28% of control,
**p<0.01). Also, the EC of these animals contained iPLA2 values that were ~40% below
control levels, but the mean difference fell just beyond statistical significance (#p=0.06).

PARP-1 and cleaved 89 kD PARP (c-PARP)
Figure 4a shows representative immunoblots of PARP-1 and GAPDH in HC and EC;
ethanol-intoxicated rats had PARP-1 levels that were ~2-fold above controls in EC
(*p<0.05) but not significantly different in HC. Figure 4b shows representative immunoblots
of c-PARP and GAPDH in HC and EC. The HC contained 200% increases (*p<0.05) in c-
PARP, and in the EC, the two values for c-PARP levels that were available for assays were
~2-fold and ~6-fold higher than control levels in the ethanol-treated rats (average shown).
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Caspase-3 and cleaved caspase-3
Figure 5 shows that caspase-3 levels were 2-fold greater (*p<0.05) in HC of ethanol-
intoxicated rats; EC tissues were not available. Important with respect to apoptotic
activation, cleaved caspase-3 was undetectable in the HC of either ethanol-intoxicated or
control rats.

Discussion
The main objective of these circumscribed assays was to ascertain whether repetitive once-
daily ethanol intoxication in adult rats that produced blood ethanol levels in the mid-range of
those in active binging alcoholics would potentiate selected neuroinflammatory pathways in
brain regions vulnerable to binge ethanol-induced neurodegeneration. Although this is
limited a descriptive study at one sacrifice timepoint, its results provide direction for our
ongoing high chronic ethanol experiments with adult-age brain organotypic slice cultures in
which pharmacological inhibitory approaches can clarify cause and effect relationships.

Based on experiments with severely binged adult rats and similarly treated organotypic slice
cultures, we have postulated that persistent increases in AQP4 due to ethanol intoxication
bouts would promote brain edema/cell (esp. astroglial) swelling, triggering increases in
PLA2 levels/activity which can cause excessive AA release (discussed below),
neuroinflammatory mediators including ROS and, to varying extents, neurodegeneration
(Collins and Neafsey, 2012b). The expectation was that the “binge-pattern” treatment
protocols here, although less intoxicating than the Majchrowicz 4-day binge treatment in
adult rats which achieves BEL of or over 400 mg/dl (Collins et al., 1996), and also than the
once-daily modified schedule (~5 g/kg/d) used to elicit HC and EC neurodegeneration
(Collins et al., 1998), would provide supportive in vivo evidence.

The AQP4 elevations in the HC are consistent with the above view, although whether
transcriptional induction (or suppression) is responsible for changes in this and the other
proteins needs to be established. AQP4 is the major aquaporin form expressed in brain, and
primarily in astroglia (Gunnarson et al., 2004); activated microglia also express AQP4 in
some studies but not others (Li et al., 2011; Tomas-Camardiel et al., 2004). Increased brain
AQP4 levels and activity are important mediators of cytotoxic (cellular) edema in acquired
neurodegenerative conditions such as ischemia, stroke and trauma (Roberta and Rossella,
2010; Saadoun and Papadopoulos, 2010). In that regard, moderate brain edema is present in
repetitive binge ethanol-treated adult rats and organotypic HC+EC slice cultures, and is
reduced by an AQP4 inhibitor (Collins et al., 1998; Sripathirathan et al., 2009). A strong
argument for AQP4's intrinsic neuroinflammatory potential is its required astroglial
presence, concomitant with cell swelling, for augmentation of proinflammatory cytokines
due to neuroimmune insults such as endotoxin (Li et al., 2011). It is possible that the lack of
observable AQP4 increases in EC indicates that changes in water channels occur within a
timeframe missed in this study. The binge-pattern treatments also could be insufficient to
cause observable water channel augmentation in this region. However, the significant
cPLA2 activation in the EC (e.g., ratio of p-cPLA2/cPLA2), lends support the former
possibility.

In addition to stimulating proinflammatory cytokine elevations, an earlier documented
consequence of brain cytotoxic swelling is volume- or stretch-initiated PLA2 activation,
which causes excessive AA mobilization (Koivusalo et al., 2009; Lambert et al., 2006;
Lehtonen and Kinnunen, 1995). The metabolism and auto-oxidation of excessively released
AA, and even its activation of NADPH oxidase, are major ROS sources during
neurodegenerative insults (Bobba et al., 2008; Dana et al., 1998; Friis et al., 2008). It also is
tenable that AQP4 could increase cPLA2 levels/activity secondary to stimulating elevations
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in pro-inflammatory cytokines, since these proteins have been reported to stimulate PLA2
expression in various stress situations (Adibhatla and Hatcher, 2007; Kramer et al., 1996).
Although we did not assay cytokines, studies have linked pro-inflammatory cytokines/
chemokines (and reduced anti-inflammatory cytokines) with alcohol-dependent
neuroinflammation and neurodamage in adult rodents (Alfonso-Loeches et al., 2010; Crews
et al., 2011; Zou and Crews, 2010).

The increased brain cPLA2 and p-cPLA2 levels in the two regions of ethanol-intoxicated
rats agree with considerable literature documenting inflammatory roles for hyperactivated
PLA2 superfamily members (Adibhatla and Hatcher, 2008; Sun et al., 2010). In a range of
neuroinflammatory insults, cPLA2 has been found to be a dominant activity releasing AA
(Ong et al., 2010). With respect to ethanol, in vitro exposure to high concentrations
increased AA-specific PLA2 in neuroblastoma cultures (Basavarajappa et al., 1997) as well
as AA release in our organotypic brain slice cultures (Brown et al., 2009). With primary
astrocyte cultures, exposure to moderate ethanol concentrations for 2 days augmented
cPLA2 activity (Floreani et al., 2010), but apparently not to high ethanol concentrations for
24 hr (Luo et al., 2001). Evidence in vivo for chronic/subchronic ethanol effects on PLA2 in
adult brain is surprisingly limited. The activity of an AA-specific PLA2 with characteristics
of cPLA2 was increased in brains of chronic ethanol-treated mice (Basavarajappa et al.,
1998), but prolonged ethanol intake via liquid diet did not alter rat cPLA2 mRNA
expression in rat brain cortex and HC (Simonyi et al., 2002)—although it increased message
for cyclooxygenase-2, the enzyme converting AA to pro-inflammatory eicosanoid
precursors. Parenthetically, members of another large Ca+2-dependent PLA2 family, small
secreted PLA2's (sPLA2), sometimes are triggers for AA release by activating a signaling
kinase cascade upstream of cPLA2 (Hernandez et al., 1998; Kolko et al., 2003). sPLA2
members also have been implicated as neuroinflammatory stimuli upregulated in
neurodegeneration (Goracci et al., 2010) including Alzheimer's disease (Moses et al., 2006).
Although not assayed in these juvenile+adult intoxicated rats, in our ethanol-treated
organotypic HC-EC slice cultures sPLA2 inhibitors are neuroprotective (Moon et al.,
submitted), indicating that sPLA2 is important in binge ethanol-induced neurodamage.

The increased cPLA2 levels and activation in this study of intoxicated rats were not
unexpected, but the large reduction in iPLA2 in the two regions were surprising. As the
dominant PLA2 activity in rat brain (Yang et al., 1999), iPLA2 has been considered an
essential housekeeping and “protective” enzyme within mitochondria (Ong et al., 2010;
Seleznev et al., 2006); as such, the enzyme's loss in disease states or the inhibition of its
activity can be deleterious to mitochondrial and neuronal function (Ma et al., 2011). Other
evidence shows that iPLA2 is important in suppressing lipid peroxidation (Kinsey et al.,
2008), and its deficiency has been associated with neuroaxonal dystrophy in mice (Shinzawa
et al., 2008). Of particular importance is that iPLA2 is the primary regulator of the release
and turnover of docosahexaenoic acid (DHA) in brain phospholipids (Strokin et al., 2006).
This suggests reduced endogenous turnover of this important brain omega-3 fatty acid,
which might lead to diminished mobilization of/signaling by neuroprotective DHA and/or its
anti-neuroinflammatory metabolites such as resolvins and neuroprotectins (Bazan et al.,
2011). Indeed, counteraction of such events is a recent explanation for clozapine's
upregulation of decreased rat brain iPLA2 expression seen in bipolar disorder and thus the
mood stabilizer's anti-inflammatory and neuroprotective effects (Kim et al., 2012).

Furthermore, the ethanol-induced reductions of brain iPLA2 congruent with cPLA2 and p-
cPLA2 elevations mirror alterations in the brains (cortex) of rats chronically fed omega-3
fatty acid-deficient diets (Rao et al., 2007). Consistent with iPLA2 reductions of the above-
mentioned study, the laboratory previously demonstrated that brain DHA turnover was
suppressed by dietary omega-3 deficiency. Rat brain iPLA2 depletion also occurred due to
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fluid percussion trauma and was countered by DHA supplementation (Wu et al., 2011).
Whether the ethanol-evoked iPLA2 reductions are due to decreased brain expression or to
overt brain cell loss is open to question, although the PARP-1 results imply the occurrence
of neurodegenerative processes (further discussed below). At this stage it is reasonable to
consider that depletion of iPLA2 due to repetitive ethanol intoxication, in concert with
cPLA2 activation and potentially excessive AA mobilization, could contribute appreciably
to initiation of neuroinflammation as well as incipient oxidative-stress dependent neuronal
damage.

While histological assessment of degenerating neurons in HC and EC was not done, the
finding of large elevations in PARP-1 and cleaved (89Kd) PARP (c-PARP) in repetitively
intoxicated rats points to ongoing neurodegenerative processes. However, negligible
caspase-3 activation (no detectable cleaved caspase-3) after ethanol suggests limited
classical apoptosis, consistent with a reported lack of brain TUNEL staining in the more
severe Majchrowicz binge intoxication rat model (Obernier et al., 2002a). Accordingly, the
89 kD c-PARP fragment could arise from activities of proteases other than activated
caspase-3, such as calpains, cathepsins, and/or metalloproteinases—and knowing which
could help to identify specific forms of cell death (Chaitanya et al., 2010). Thus the results
indicate alternative possibilities that non-apoptotic cell death programs linked to PARP-1—
for example, parthanatos (David et al., 2009)—are triggered by the ethanol treatments.
Parthanatos is a programmed cell death process distinct from apoptosis and conventional
necrosis (Galluzzi et al., 2012; Wang et al., 2009). That nuclear PARP-1 is activated by
oxidative DNA damage (Pacher and Szabo, 2008) is consistent with evidence for (a)
excessive brain oxidative stress in chronic ethanol-exposed rodents (Collins and Neafsey,
2012a), (b) brain elevations in NF-κB mediated pathways by binge ethanol (Crews et al.,
2011), and (c) cerebral oxidative damage in alcoholic brain (Gotz et al., 2001). Nevertheless,
whether parthanatos is a neuronal death mechanism activated by chronic (binge) ethanol in
adult brain requires further molecular and pharmacological validation. If the brain PARP-1
pathway is upregulated in human alcoholics, studies with inhibitors of PARP-1 activation,
currently of therapeutic interest in other neurodegenerative diseases and insults (Andrabi et
al., 2011; Chaitanya et al., 2010), could be extended to chronic ethanol models.

By way of a summary, Figure 6 depicts a potential transduction scheme relating the proteins
changed in adult brain by repetitive ethanol treatment in vivo to oxidative stress,
neuroinflammation and neurodamage. Reiterating, analyses of the brain regions known to be
vulnerable to neurodegeneration show elevations in neuroinflammation-linked proteins—
AQP4, cPLA2, and activated p-cPLA2. Increased cPLA2 activity would generate excessive
AA release and pro-inflammatory eicosanoid production, and oxidative stress, concurrent
with reduced iPLA2 which could lessen mitochondrial integrity, mitochondrial membrane
potential (MMP), and neuroprotective DHA turnover. Consequently, PARP-1, increased
along with c-PARP by repetitive ethanol intoxication, may be responding to oxidative stress
(ROS) to drive degenerative pathways in neurons such as parthanatos or necroptosis. As
further speculation, neuroimmune routes involving toll-like receptor-4 (TLR4), NF-κB, and
pro-inflammatory cytokines, also linked to neuropathology during chronic alcohol exposure
(Alfonso-Loeches et al., 2010; Crews et al., 2011), are integrated into this scheme in Figure
6. Whether these neuroimmune molecular events are entirely upstream of and responsible
for AQP4 and PLA2 perturbations is open to investigation, although as mentioned, AQP4 is
required for full pro-inflammatory cytokine responses to neuroinflammatory stimulation (Li
et al., 2011). Furthermore, the cellular environments for these processes are not known;
however, astrocytes, being highly enriched with AQP4, are seen as important target cells
upstream of ROS- and PARP-1-mediated damage to neurons. The in vivo findings here are
not inconsistent with the view (Collins and Neafsey, 2012b) that AQP4 could be a binge
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ethanol-responsive sensor linked to neuroinflammatory/neuroimmune cascades, especially
those involving the PLA2 families but also possibly TLR4 and NF-κB.
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Abbreviations

AA arachidonic acid

AQP4 aquaporin-4

DHA docosahexaenoic acid

EC entorhinal cortex

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HC hippocampus

PARP-1 poly (ADP-ribose) polymerase-1

c-PARP cleaved PARP

PLA2 phospholipase A2

cPLA2 Ca+2-dependent PLA2

p-cPLA2 phospho-cPLA2

iPLA2 Ca+2-independent iPLA2

sPLA2 secretory PLA2

ROS reactive oxygen species
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Figure 1. Repetitive daily ethanol intoxication increases levels of AQP4 in adult rat HC
Quantitation of AQP4 in HC and EC of juvenile+adult ethanol-intoxicated (E) and control
(C) rats, with representative immunoblots shown for AQP4 and GAPDH loading standard.
Results from controls are set at 100%. Data are means ± sem (n = 5–6 per group); *p<0.05
vs. control (one-way ANOVA, HC, F=16.1, p=0.001 and EC, F=0.4).
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Figure 2. Repetitive daily ethanol exposures raise levels of cPLA2 IVA and p-cPLA2 in adult rat
HC and EC
Fig. 2a: Quantitation of cPLA2 IVA in HC and EC of juvenile+adult ethanol-intoxicated (E)
and saline control (C) rats, with representative immunoblots of cPLA2 and GAPDH loading
standard. Fig. 2b: Quantitation of p-cPLA2 in HC and EC of juvenile+adult ethanol-
intoxicated (E) and saline control (C) rats, with representative immunoblots of p-cPLA2 and
GAPDH. Results from control rats are set to 100%. Data are means ± sem (n = 5–6 per
group); *p<0.05 vs. respective control; **p<0.01 vs. respective control (one-way ANOVA,
cPLA2: HC, F=806, p=0.0001 and EC, F=24.5, p=0.002; p-cPLA2: HC, F=11.1, p=0.015
and EC, F=7.9, p=0.03).
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Figure 3. Repetitive daily ethanol intoxication reduces levels of iPLA2 VI in adult rat HC and
EC
Quantitation of iPLA2 VI in HC and EC of juvenile+adult ethanol-intoxicated (E) and
control (C) rats, with representative immunoblots of iPLA2 and GAPDH loading standard.
Results from control rats are set to 100%. Data are means ± sem (n = 5–6 per group); **P <
0.01 vs. respective control; # p = 0.06 vs. control (one-way ANOVA, HC, F=103.0,
p=0.0001 and EC, F=2.6).
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Figure 4. Repetitive daily ethanol exposure increases levels of PARP-1 and c-PARP in adult rat
HC and/or EC
Fig. 4a: Quantitation of PARP-1 in HC and EC of juvenile+adult ethanol-intoxicated (E) and
control (C) rats, with representative immunoblots of PARP-1 and GAPDH. Fig. 4b:
Quantitation of c-PARP in HC and EC of juvenile+adult ethanol-intoxicated (E) and control
(C) rats, with representative immunoblots of c-PARP and GAPDH loading standard. Results
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from control rats are set to 100%. Data are means ± sem (n = 3–4 per group, with the
exception of c-PARP in EC (n = 2)); *P < 0.05 vs. respective controls (one-way ANOVA,
PARP-1: HC, F=6.7, p=0.06 and EC, F=7.3, p=0.035; c-PARP: HC, F=11.2, p=0.03 and
EC, F=1300, p=0.0001).
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Figure 5. Repetitive daily ethanol administration increases caspase-3 levels in adult rat HC
Quantitation of caspase-3 in HC of juvenile+adult ethanol-intoxicated (E) and control (C)
rats, with representative immunoblots of caspase-3 and GAPDH loading standard. Cleaved
caspase-3 was undetectable in either brain region of C and E rats. Data are means ± sem (n =
3–4 per group); *p<0.05 vs. control (one-way ANOVA. Caspase-3: F=49.4, p=0.001)
Tajuddin et al.
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Figure 6. Scheme interrelating repetitive daily ethanol-induced changes in AQP4, PLA2 families,
ROS, and PARP-1 to proposed associations with neuroinflammation and neurodamage
Assuming that transcriptional rather than turnover alterations are principally responsible for
changes in levels, AQP4 elevations due to repeated daily ethanol intoxication, possibly
stimulated by early ROS bursts, could potentiate pro-inflammatory cytokines and trigger
increased cPLA2 levels/activity and AA mobilization. AA is known to generate ROS
nonenzymatically and via eicosanoid biosynthesis. Pro-inflammatory eicosanoids such as
leukotrienes could also have receptor-mediated neuroinflammatory effects. PARP-1
elevations could be dependent on ROS, but also on increased NF-kappaB activity. The NF-
kappaB pathway is stimulated by toll-like receptor 4 (TLR4), which is known to be activated
as well by chronic ethanol binges. How ethanol might decrease iPLA2 levels is not evident
(question marks); nevertheless, significant loss of the enzyme may lead to decreased
mitochondrial membrane permeability (MMP) and viability and reduced docosahexaenoic
acid (DHA) turnover. Diminished DHA could lead to less pro-survival effects, including
neuroprotectin (e.g., NPD-1) formation. See text for supporting references.
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