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Abstract

Chronic alcohol (ethanol) abuse causes neuroinflammation and brain damage that can give rise to
alcoholic dementia. Insightfully, Dr. Albert Sun was an early proponent of oxidative stress as a
key factor in alcoholism-related brain deterioration. In fact, oxidative stress has proven to be
critical to the hippocampal and temporal cortical neurodamage resulting from repetitive or
intermittent “binge” alcohol (ethanol) exposure in adult rat models. Although the underlying
mechanisms are not certain, our immunoelectrophoretic and related assays in binge alcohol
experiments in vivo (adult male rats) and in vitro (rat organotypic hippocampal-entorhinal cortical
slice cultures) have implicated phospholipase A2 (PLAZ2)-activated neuroinflammatory pathways.
The results further indicated that concomitant with PLAZ2 activation, binge alcohol elevated
oxidative stress adducts (“oxidative footprints”) and, interestingly, poly(ADP-ribose)
polymerase-1 (PARP-1), an oxidative stress-responsive, DNA repair enzyme linked to a non-
apoptotic neuronal death process termed parthanatos. Also significantly increased by the alcohol
treatments was aquaporin-4 (AQP4), a water channel enriched in astrocytes that, when augmented,
can trigger brain edema and neuroinflammation. We further have found that supplementation of
brain slice cultures with docosahexaenoic acid (DHA,; 22:6 ®3) exerted potent protection against
binge alcohol neurotoxicity, while precluding induced changes in PLA2 isoforms, AQP4, PARP-1
and oxidative stress footprints. The DHA results lend support to recommendations of w3 “fish oil”
supplementation in alcoholism withdrawal therapies.
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According to the UN-WHO, alcohol (ethanol) misuse/abuse ranks just below depressive
illness as a leading cause of lost human potential worldwide. Moderate-to-severe brain
damage—synaptic and neuronal degeneration—is a key pathological outcome of alcohol
(ethanol) misuse/abuse that contributes significantly to lost human potential. The
neurobiological mechanisms responsible for neurodegeneration are currently equivocal,
although they appear to involve oxidative stress and reactive oxygen species (ROS) [1].
Presciently, Dr. Albert Sun considered early that oxidative stress could be a major factor in
ethanol’s neurobiological effects [2,3]. Studying possible brain neurodamaging mechanisms
triggered by intermittent (binge) alcohol intoxication in adult rats, we and others initially
anticipated that ROS would primarily be a consequence of excitotoxicity—increased
neuronal calcium entry via overactivated or excess extrasynaptic glutamate/N-methyl-D-
aspartate receptors (NMDAR). However, NMDAR antagonists known to exert
neuroprotection in animal models of stroke, ischemia, and trauma were largely ineffective
against chronic intermittent alcohol treatment—specifically, the Majchrowicz binge
intoxication/withdrawal model [4-6].

Here we review experimental evidence supporting the possibility that in the Majchrowicz
binge intoxication model (~12 gavage doses over 4 days, 8-10 g alcohol/kg/d; reaching
blood alcohol levels of ~400+ mg/dl [7]) and in less severe modifications, as well as in
alcohol-binged organotypic rat brain slice cultures, activation of phospholipase A2 (PLA2)
isoforms and excessive arachidonic acid (ARA) mobilization may be a significant ROS
source underlying neuroinflammatory oxidative stress and neurodegeneration. Two other
key neuroinflammatory-associated proteins, aquaporin-4 (AQP4) and poly [ADP-
ribose]polymerase-1 (PARP-1), a DNA repair protein known to cause a necrotic-like death
cascade called parthanatos [8], are increased and could have roles in alcohol’s
neurodeleterious effects. Furthermore, results with an adult-age organotypic brain slice
model showing the marked neuroprotective, anti-inflammatory effects of supplemented ®3-
docosahexaneoic acid (DHA) against binge ethanol.

Modest but significant brain edema consistent with reported cell swelling in primary
astrocyte cultures exposed to alcohol and withdrawal [9] was first noted in vivo in a once-
daily binge adaptation of the Majchrowicz intoxication/withdrawal model [5]. Prevention of
the brain edema with furosemide diuretic was significantly neuroprotective, as it was in
binge alcohol-treated organotypic brain slice cultures; subsequent studies found that selected
other diuretics—e.qg., acetazolamide (AZT), torasemide—were similarly neuroprotective in
vivo (AZT) and/or in vitro [10]. Concurrently, other laboratories reported that AZT was an
effective inhibitor of aquaporin-4 (AQP4) water channels enriched in brain astroglia [11,12].
Known connections between increased AQP4 and cytotoxic (cellular) edema [13] led to our
considering that alcohol binges were precipitating cerebral edema via potentiation of the
water channel, and indeed, initial immunoblots indicated higher AQP4 levels in alcohol-
treated brain slices in culture [10]. Other reports have shown that increased AQP4 is
important in alcohol’s augmentation of traumatic brain injury and edema [14] and in pro-
inflammatory cytokine elevations in lipopolysaccharide-induced neuroinflammation [15].
Thus AQP4, like PLA2 below, can function as a potential neuroinflammatory stimulus.
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A considerable body of evidence mainly from ischemia and stroke experiments has
established that PLA2 activation causes elevated brain ROS, and that such activation is
linked to brain edema [16,17]. In the nervous system, Ca*2-dependent PLA2 (cPLA2), and
particularly the cPLA2 IVA isoform, is a dominant activity releasing ARA during a range of
neuroinflammatory insults. Also, in an increasing number of neurodegeneration studies, low
molecular weight isoforms of secreted PLA?2 such as SPLA2 IlA are important in the release
of ARA [18,19], perhaps even acting upstream of cPLA2. Alternatively, a
neuroinflammatory role of Ca*2-independent PLA2 (iPLA2) is somewhat indistinct; indeed,
its activity, and especially that of the iPLA2 VIA/B isoforms, has been associated with such
favorable outcomes as mitochondrial viability, synaptic stability and cell homeostasis, as
well as turnover of endogenous DHA [20,21]. Thus, decreased iPLA2 activity from insults
or diseases could be unfavorable for the brain overall, whereas increased activity might be
associated with (or promote) beneficial or even pro-survival pathways.

With two adult rat/binge alcohol intoxication models we have found evidence supporting the
stimulation of brain neuroinflammatory pathways involving elevated AQP4, cPLA2 IVA,
and sPLA2 11A, and the possible loss of iPLA2 VIA; furthermore, the pathways could be
related to neurotoxic activation of PARP-1—if so, this is a previously unrecognized
association. The first model utilized relatively moderate binge ethanol treatments of
Sprague-Dawley female rats at juvenile and/or young adult ages. The sequential binge
treatment at both ages consisted of six 3 g/kg intraperitoneal injections over eight days
beginning at 37 days of age and again at day 68. The immunoblot results of the juvenile
+adult treatments have been published [22]; here we report estimated levels of the above-
mentioned proteins after the adult binge only (d 68 to d 75) in two brain regions that incur
definite neurodegeneration following more severe binge alcohol treatments, i.e.,
hippocampus (HC) and entorhinal cortex (EC) (Figure 1)—however, whether
neurodegeneration transpired in this relatively moderate intoxication model was not
established. Rats were sacrificed one hour after the last alcohol dose (blood levels ~210 mg/
dl), but because of insufficient control (saline-injected) samples, it was necessary to use as
controls the same brain regions from rats treated with a single 3 g/kg ip alcohol injection one
hour pre-sacrifice. This was judged valid because the single alcohol treatment was found by
comparisons with previous saline samples to have no quantitative effect on levels of proteins
being examined here. The results in Fig. 1 are consistent overall with the results from
doubly-binged (juvenile+ adult age) rats [23] in substantiating that binge alcohol
intoxication in young adult rats (a) significantly augments HC and EC levels of cPLA2,
SPLA2, AQP4 and PARP-1 while reducing iPLA2; and (b) promotes activation
(phosphorylation) of the key ARA-mobilizing cPLA2 (Fig. 1A). The results also provide the
first inference that parthanatos, a PARP-1-mediated necrotic process, could be a component
of binge alcohol-induced brain neuroinflammation.

The results motivated us to determine the PLA2 isoforms in conjunction with PARP-1 and
AQP4 in a model of binge intoxication with evident neurodegeneration. Accordingly, the
original severe Majchrowicz procedure, which generates relatively selective neurodamage
(cupric silver-stained neurons) in the HC (dentate gyrus), EC and olfactory bulb (OB), but
not in other regions such as the frontal cortex (FC) or cerebellum (CB) [24], was used.
Following sacrifice 1% hours after the last alcohol dose (blood levels, ~ 375 mg/dl),
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immunoblot results showed that the same neuroinflammatory proteins which were increased
by relatively moderate binge treatment in Figure 1 were likewise elevated in this neurotoxic
binge intoxication model; importantly, with exception of iPLA2, significant changes
occurred only in the neurovulnerable regions of HC, EC and OB and not the FC and CB
(Table 1). Further immunoblot assays not shown confirmed that alcohol-dependent oxidative
stress was a significant event in the HC and EC, in that “fingerprints” ultimately derived
from excessive ARA release/peroxidation—4-hydroxynonenal-protein adducts—were
significantly increased (Tajuddin et al., submitted).

Preceding and parallel with the above in vivo studies, binge alcohol-induced neurodamage
was reproduced in an in vitro model of relatively intact rat brain—organotypic HC-EC slices
in long-term culture. Such experiments in adolescent-age slice cultures (from 7 day-old rat
pups and cultured ~3 weeks prior to intermittent binge 200 mM alcohol) indicated with
inhibitors that increased ARA release and PLAZ2 activity were involved in
neurodegeneration [25]. Most recently, the results with young adult-age brain slice cultures
(from 40 day-old rats; cultured to provide 60+ day-old HC-EC slices [26]) that are
summarized in Table 2 replicated the in vivo changes with respect to the PLA2 isoforms,
AQP4 and PARP1 caused by binge alcohol exposure (Tajuddin et al., submitted).

With these in vivo and in vitro rat brain experiments shedding light on the crucial role of
PLA2-ARA-based oxidative stress routes in binge alcohol neuroinflammation and
neurotoxicity, we examined the effects of supplementation with an anti-oxidative, pro-
survival w3 fatty acid, docosahexaenoic acid (DHA). In both ages of HC-EC slices in
culture, DHA (25-50 pM), added throughout alcohol exposure and withdrawal, significantly
reduced or prevented neurodegeneration [25,26]. As shown in Table 2, concurrent with
neuroprotection and the suppression of ARA release as well as of oxidative stress indicators
(nitrotyrosinated proteins), supplemental DHA also countered the changes in cPLA2, p-
CPLA2, sPLA2, iPLA2, AQP4 and PARP-1 by normalizing their values to respective control
levels. These potent effects of DHA were wholly consistent with its known anti-
neuroinflammatory actions [27], and had not previously been demonstrated in the context of
alcohol neurotoxicity.

Other neuroinflammatory mechanisms certainly might contribute to alcohol-induced ROS in
these binge alcohol models. Alcohol metabolism itself, which occurs in the central nervous
system (albeit slowly) and particularly in astrocytes [28], could be important. Specifically,
alcohol oxidation by brain cytosolic catalase is a possible ROS-producing route, as is
inducible cytochrome P4502E1 in endoplasmic reticulum ([29]. Also, alcohol-dependent
microglial activation leading to increased brain NADPH oxidase activity and resultant ROS
generation has been implicated in prolonged alcohol exposure [30]. However, the above
alcohol-ROS generating possibilities have been examined largely in acute and chronic
alcohol rodent models that utilize non-binge alcohol intake or administration (liquid diets,
water, vapor chamber)—models that do not generally entail the repetitive, highly elevated
blood alcohol levels and nadirs of binge administration/intoxication. This difference in
models could give rise to considerable variations in the sources of oxidative stress, regional
neuroinflammation, and ultimately, neurodegeneration.
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Summarizing, these results specifically encompass the theme of this satellite collection, lipid
signaling in neurodegeneration and neuroprotection, as well as harken back to and expand
the pioneering alcohol and oxidative stress research of Dr. Albert Sun. They indicate that
increased cPLA2 and sPLA2 activities/levels and possibly decreased iPLA2 are features of
pro-oxidative neuroinflammation in adult rat brain during neurotoxic alcohol exposures
which mirror binge alcoholism. The significant elevations in AQP4 and PARP-1 which
accompany the PLA2 changes require in-depth investigations to understand their full
importance. It is notable that DHA emerges as a remarkably potent neuroprotective, anti-
neuroinflammatory molecule in the in vitro binge alcohol studies by mechanisms yet to be
ascertained. These mechanisms could involve DHA's increased incorporation into
membrane phospholipids, especially phosphatidylserine, which could promote
neuroprotective Akt signaling [31], as well as conversion of the non-esterified molecule to
pro-survival derivatives such as neuroprotectin-1 and/or synaptamide [32,33]. The »3 fatty
acid has been suggested as a therapeutic adjuvant for hepatic protection in alcohol
withdrawal treatment [34], and our studies add to the scope of its potential neuroprotective
and neurorestorative effects during withdrawal in severe alcoholics.
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Effect of six alcohol treatments of young adult rats (3 g/kg ip daily over 8 days with 2
intermittent withdrawal days) on brain levels of neuroinflammatory proteins. Fig. 1A:
Significantly increased immunoblot levels of cPLA2 IVA, p-cPLA2 IVA and sPLA2 1IA
and decreased levels of iPLA2 VIA in hippocampus (HC) and entorhinal cortex (EC) of
alcohol-binged (AB) rats compared to control (C) rats. Fig. 1B: Significantly increased
immunoblot levels of AQP4 and PARP-1 in hippocampus (HC) and entorhinal cortex (EC)
of alcohol-binged (AB) rats compared to control (C) rats. Immunoblot levels normalized to
GAPDH immunoblot levels as reported [23]. Data are means + sem (n = 3-6 per group); *P
< 0.05 vs. control; **P < 0.01 vs. control.
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