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Abstract

Ethanol intoxication and withdrawal exact a devastating toll on the central nervous system. Abrupt
ethanol withdrawal provokes massive release of the excitatory neurotransmitter glutamate, which
over-activates its postsynaptic receptors, causing intense CaZ* loading, p38 mitogen activated
protein kinase activation and oxidative stress, culminating in ATP depletion, mitochondrial injury,
amyloid B deposition and neuronal death. Collectively, these mechanisms produce neurocognitive
and sensorimotor dysfunction that discourages continued abstinence. Although the brain is heavily
dependent on blood-borne O, to sustain its aerobic ATP production, brief, cyclic episodes of
moderate hypoxia and reoxygenation, when judiciously applied over the course of days or weeks,
evoke adaptations that protect the brain from ethanol withdrawal-induced glutamate excitotoxicity,
mitochondrial damage, oxidative stress and amyloid B accumulation. This review summarizes
evidence from ongoing preclinical research that demonstrates intermittent hypoxia training to be a
potentially powerful yet non-invasive intervention capable of affording robust, sustained
neuroprotection during ethanol withdrawal.
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1. Medical and socioeconomic impact of alcohol use disorder

Alcohol use disorder (AUD) is the destructive pattern of heavy drinking that often
progresses to alcohol dependence, /.e. alcoholism [NIAAA, 2011: https://pubs.niaaa.nih.gov/
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publications/StrategicPlan/NIAAASTRATEGICPLAN.htm#Introduction]. Alcoholics
experience difficulty curbing heavy drinking despite its adverse health and social
consequences. AUD has reached epidemic proportions in the United States, where an
estimated 15.1 million adults and nearly 700,000 youth or adolescents have experienced
alcohol dependence [SAMHSA, 2015: https://www.samhsa.gov/data/sites/default/files/
NSDUH-DetTabs-2015/NSDUH-DetTabs-2015/NSDUH-DetTabs-2015.htm#tab5-6a].
AUD is a worldwide problem; for example, an estimated 62 million people are alcoholics in
India (Ganguly, 2008).

Many alcoholics die prematurely due to ethanol-inflicted organ damage, or from existing
illnesses complicated by heavy ethanol consumption (Spies et al., 2001; Eggers et al., 2002).
A 14-year longitudinal study in Germany identified a 2- to 3-fold higher mortality rate in
individuals with AUD than the general population even after controlling for psychiatric
comorbidity (John et al., 2013). From 1989 to 2006, AUD killed 88,000 per year in the
United States and shortened the lifespan of 2.5 million people by one year per 10 years of
alcohol abuse [CDC, 2016: https://www.cdc.gov/alcohol/onlinetools.htm], making AUD the
fourth leading preventable cause of death in the United States (Mokdad et al., 2005). In
2012, the deaths of 7.6% of men and 4.0% of women were attributed to alcohol consumption
[WHO, 2014: http://www.who.int/substance_abuse/publications/global_alcohol_report/
msb_gsr_2014 1.pdf?ua=1], and in the United States, alcohol accounted for 10% of deaths
of working age adults (Stahre et al., 2014). Although drug and/or behavioral therapies may
lessen AUD’s devastating effects, only 20-25% of AUD sufferers receive detoxification or
alcohol dependence treatment (Dawson et al., 2006), leaving most alcoholics at risk of
mental and physical disorders and a shortened lifespan.

The adverse consequences of AUD extend beyond alcoholics and their families, and its
socio-economic impact continues to mount. In the United States alone, AUD cost an
estimated $249 billion in 2010 (Sacks et al., 2015). This amount approximates the combined
cost of Alzheimer’s disease (AD) and all other dementias [ALZ, 2017: http://www.alz.org/
facts/] and exceeds that of cancer ($124.5 billion in 2010) (Yabroff et al., 2011) or stroke
($33 billion in 2015) [CDC, 2016: https://www.cdc.gov/alcohol/onlinetools.htm]. AUD’s
economic impact also includes productivity lost to disablement and premature death. These
costs are largely based on self-reports, yet many alcohol dependent individuals under-report
their alcohol consumption (Nelson et al., 2010). Thus, AUD’s true economic impact very
likely exceeds the reported costs, ranking it among the costliest medical problems in the
United States.

2. Ethanol withdrawal and its neurological consequences

Ethanol withdrawal (EW) syndromes, including tremor, seizure and other neurological
sequelae, occur when alcoholics abruptly cease or sharply lower their alcohol consumption.
Up to 25% of life-threatening seizures are due to EW (Hillbom et al., 2003; Hughes, 2009).
EW severity varies with the amount and duration of ethanol consumption, and the presence
of coexisting illnesses. In the United States, approximately 500,000 EW episodes per year
require drug therapy (O'Connor and Schottenfeld, 1998), and EW kills 15% of untreated
patients (Sander et al., 2006). Alcoholics often relapse into heavy drinking because they
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cannot tolerate EW (Barrett, 1985). EW symptoms, which begin within 6 — 24 h of drinking
cessation, fall into three categories (Hall and Zador, 1997): (1) autonomic, primarily
sympathetic, hyperactivities, manifested as tremor, sweating, nausea, and vomiting; (2)
neuronal hyperexcitation, mediated by excessive glutamate release, manifests as anxiety,
agitation, insomnia, and seizures; and (3) alcohol withdrawal delirium, 7.e. delirium tremens,
characterized by auditory and visual hallucinations, confusion, disorientation, clouded
consciousness, and impaired attention, which may progress to permanent memory disorders,
or in 5-25% of cases, death due to respiratory and cardiovascular collapse (O’Brien, 1996;
Trevisan et al., 1998; Erwin et al., 1998). Thus, EW requires careful clinical management
(Hall and Zador, 1997).

Ethanol withdrawal complicates coexisting conditions, and other illnesses may prolong or
intensify EW (Monte Secades et al., 2010). EW syndromes occur in 25% of alcoholics after
elective surgery (Eggers et al., 2002). 50-60% of trauma patients have AUD (Herve et al.,
1986; Soderstrom et al., 1992; Ostrom and Eriksson, 1993); those admitted to intensive care,
whose access to alcohol is interrupted, are likely to experience EW (Uusaro et al., 2005),
especially upon awakening from sedation (Spies et al., 1996; Spies and Rommelspacher,
1999). EW exacerbates postoperative complications, e.g. pneumonia (Spies et al., 2001;
Eggers et al., 2002), and may prolong intensive care (Spies et al., 1995, 1996). Thus, EW
often challenges treatment of coexisting illnesses.

Many alcoholics make repeated attempts at abstinence but fail due to EW’s distressful
sequelae, leading to a pattern of repeated drinking and withdrawal [NIH Publ. No. 95-3769]
and more severe brain injury (Ballenger and Post, 1978; Brown et al., 1988). Alcoholics
with multiple EW episodes experienced more frequent panic attacks (George et al., 1990),
and heightened startle responses and anxiety (Krystal et al., 1997), and were less likely to
seek treatment (Dawson et al., 2006) than those experiencing a single EW bout. Alcoholics
with a history of EW displayed severe seizures and delirium tremens during detoxification,
while those in their first EW had only mild tremors (Ballenger and Post, 1978). Even after
long-term abstinence, persons with a history of EW were more likely to suffer seizures
(Lechtenberg and Worner, 1991); thus, repeated EW may permanently lower the threshold
for neuronal excitations, even in persons who eventually maintain abstinence. It is hardly
surprising that alcoholics with repeated EW are less likely to achieve sustained abstinence
and are at heightened risk of permanent alcohol-induced dementia.

Repeated EW may accelerate brain aging. Young adults who had experienced repeated EW
were less able to associate a conditional stimulus with an aversive event, and showed
reduced long-term neuronal potentiation in the hippocampus (Stephens et al., 2005), a center
of learning and memory. Alcoholics, especially those with multiple EW episodes, showed
impaired performance of maze and vigilance tests vs. healthy social drinkers (Duka et al,
2003). Repeated heavy drinking and EW impair cognitive functions (Weissenborn and Duka,
2003; Townshend and Duka, 2005) and increase vulnerability to AD and other age-related
cognitive disorders (Zilkens et al., 2014; Venkataraman et al., 2017). Preclinical studies by
the authors demonstrated the association between repeated EW and brain aging. Rats
undergoing repeated EW showed earlier motoric impairment than their ethanol-free
counterparts (Jung et al., 2011), and increased activity of presenilin-1 (PS1), an enzyme that
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generates AD’s pathological hallmark, amyloid § (AB) (Jung et al., 2016). Indeed, AB
accumulated in the rat prefrontal cortex after repeated EW (Ryou et al., 2017).

3. Mechanisms of EW induced brain injury

A. Excessive glutamate release and NMDA receptor activation

The most abundant excitatory amino acid in mammalian brain (Lajtha et al., 1981),
glutamate plays pivotal roles in inter-neuronal communication, brain development, learning
and memory. After its Ca*-dependent presynaptic release (Birnbaumer et al., 1994),
glutamate activates postsynaptic metabotropic receptors as well as ionotropic 2-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA) and
kainic acid receptor subtypes (Watkins et al., 1990; Nakanishi, 1992; Sommer et al., 1992).
Glutamate signaling elicits long-term potentiation, a process essential for learning and
memory (Oscar-Berman et al., 1997; Headley and Grillner, 1990).

High extracellular glutamate concentrations can overactivate neurons to the point of death,
the phenomenon of excitotoxicity. Astrocytes efficiently clear glutamate from the
extracellular fluid (Danbolt, 2001) (Figure 1), thereby protecting neurons from excitotoxicity
(Miguel-Hidalgo, 2009; Ayers-Ringler et al., 2016). Glutamate uptake is accomplished by
excitatory amino acid transporters (EAATSs) abundantly expressed in astrocyte plasma
membranes (Amara and Fontana, 2002). Glutamate is aminated in astrocytes, released, taken
up by adjacent neurons, and reconverted to glutamate (Figure 1) (Danbolt, 2001). Thus,
astrocytes are indispensable for regulating extracellular glutamate and, thereby, preventing
excitotoxic cell death.

While ethanol acts as a neurosuppressant by increasing inhibitory y-aminobutyric acid
(GABA) neurotransmission while dampening excitatory glutamatergic transmission
(Valenzuela, 1997), EW precipitates intense glutamate release from presynaptic neurons
(Chandler et al, 2006; De Witte et al, 2003). Synaptic glutamate concentrations then increase
to the millimolar range, hyper-activating postsynaptic glutamate receptors and provoking
excessive Ca2* entry and ATP depletion culminating in neuronal injury (Figure 2).
Hendricson et al. (2007) demonstrated increased NMDA receptor density and intensified
excitatory postsynaptic currents and action potentials in rat hippocampal neurons during
EW. NMDA receptor subunits were upregulated in mouse cortical neuronal cultures
subjected to repeated ethanol exposure and EW (Qiang et al., 2007). NMDA receptor
activation favors neuronal excitation, while GABA receptors are silenced to compensate for
ethanol’s inhibitory effects. Cerebellar granular cells exposed to ethanol for 4 days and
abrupt EW showed increased NMDA receptor activation that persisted for 2 days and was
more intense than activation by continuous ethanol (Nath et al., 2012). Thus, glutamatergic
NMDA receptors are activated during chronic ethanol exposure and even more so upon EW.

Upregulation of glutamate neurotransmission during EW occurs in different brain regions
and is manifested as various behavioral phenotypes. Glutamate release is increased in the
hippocampus (Dahchour and De Witte, 2003), striatum (Rossetti and Carboni, 1995), and
nucleus accumbens of ethanol-withdrawn rats (Seidemann et al., 2017). In the “kindling”
phenomenon, neurons stimulated by EW are sensitized to the next EW episode, thereby
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lowering their activation threshold (Ballenger and Post, 1978). Neuronal kindling may
underlie the behavioral manifestations of exacerbated and/or prolonged withdrawal after
repeated EW episodes (Harper and Matsumoto, 2005). Studies in rat hippocampal neurons
(Reynolds et al., 2015) suggested that kindling may be mediated by upregulated NMDA
receptors.

Ethanol withdrawal increased NMDA receptor numbers and the frequency of spontaneous
excitatory postsynaptic currents in rat basolateral amygdala, accompanied by anxiety
behavior (Lack et al., 2007). The basolateral amygdala regulates the expression of fear and
anxiety, and an increase in NMDA receptors in this region may mediate EW-induced anxiety
(L&ck et al., 2007). The periaqueductal grey area also is associated with anxiety. In rats
subjected to chronic ethanol intake and abrupt EW, the increased synaptic glutamate
concentration activated neuronal signaling to the basolateral amygdala or the dorsal
periaqueductal grey matter (Christian et al, 2013). The increased synaptic glutamate
concentration paralleled anxiety behavior (Christian et al, 2013), indicating that glutamate in
the periaqueductal grey matter also mediates EW-associated anxiety. Bauer et al. (2013)
demonstrated elevated glutamate in the ventral striatum, a region associated with drug
craving and relapse, in alcoholics undergoing detoxification. Neuronal hyperexcitation in
this region may provoke relapse.

Glutamate-induced neuronal hyperexcitation and consequent emotion and behaviors have
been linked to neuronal damage in vulnerable brain areas. The hippocampal CA1 subregion
of mice consuming a 10% ethanol diet for 2 weeks followed by two days EW showed
intense apoptosis, particularly of excitatory glutamatergic neurons (Skrzypiec et al. 2009).
Similarly, we demonstrated apoptosis in cerebellar granular cells of ethanol-withdrawn rats
(Jung et al., 2003) and in cultured HT22 mouse hippocampal cells withdrawn from 100 mM
ethanol (Prokai-Tatrai et al., 2009). Neuronal death following EW has also been reported in
other animal and human studies (Charness, 1993; Lovinger, 1993; Harper and Matsumoto,
2005).

Antagonists of NMDA receptors enabled interrogation of the role of glutamatergic signaling
in EW stress. Neramexane hydrochloride minimized seizures in ethanol withdrawn rats
(Kotlinska et al., 2004) and memantine suppressed EW symptoms in humans (Krupitsky et
al., 2007). Dizocilpine preserved eyeblink conditioning, a measure of learning ability, in
ethanol withdrawn rats (Young et al., 2010). Amino-phosphonovaleric acid prevented the
loss of hippocampal neurons subjected to multiple ethanol exposure-withdrawal cycles,
implicating NMDA receptors in neuronal death associated with multiple EW episodes
(Reynolds et al. 2015).

B. Astrocytic glutamate uptake and metabolism

Astrocytes effect rapid removal and recycling of glutamate for synaptic transmission. Two
months of EW increased the prefrontal cortical content of astrocytic glutamine synthetase
and the astrocyte marker, glial fibrillary acidic protein, vs. ethanol-free and ethanol-
consuming rats (Miguel-Hidalgo, 2006). Brains of mice genetically susceptible to EW
syndromes had higher glutamine synthetase activities than control mice (Sakellaridis et al.,
1989). Smith (1997) found that glutamate uptake by neonatal rat cerebrocortical astrocytes
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was increased at 48 and 96 hours of ethanol exposure but gradually subsided by 3 days EW.
These findings are concordant with a human study, where brains from alcoholics showed
increased astrocytes in cingulate cortex and ventral tegmentum (He and Crews, 2008). Since
astrocytes are responsible for management of extracellular glutamate, the EW-induced
increases in astrocytes and glutamine synthetase may represent protective adaptations
against excitotoxicity.

Ceftriaxone, which increases astrocytic expression and activity of the glutamate transporter,
EAAT2 (Rothstein et al, 2005), attenuated tremor and startle responses in ethanol-withdrawn
rats (Abulseoud et al. 2014) and ameliorated seizure activity in rats subjected to traumatic
brain injury (Goodrich et al. 2013). Devaud et al. identified a sex-specific response of
EAATS3; at 3 days of EW, only female rats showed increased expression of EAAT3 in
cerebral cortex and hippocampus (Alele and Devaud, 2005); moreover, female rats largely
recovered from EW symptoms within 3 days, while male rats continued to experience
seizures (Devaud and Chadda, 2001). The earlier recovery of female rats may be attributed
to increased astrocytic EAAT content and, thus, more effective clearance of extracellular
glutamate.

C. lonotropic Ca?*entry and intracellular Ca2* overload during EW

Calcium ions enter neurons via membrane channels responsive to agonists and
depolarization. Prolonged Ca2* channel opening permits intracellular Ca2* accumulation in
the presynaptic axon terminus, triggering excessive glutamate release and hyperactivation of
signaling proteins in the postsynaptic neuron (Figure 2) (Finn and Crabbe 1997; Lipton
1999). Moreover, excessive intracellular Ca?* activates enzymes which provoke
inflammation (Yoo et al., 2006) and generate reactive oxygen species, 7.e. ROS (Finn and
Crabbe 1997; Lipton 1999).

Ca?* channels are upregulated during EW (Walter and Messing, 1999; N’Gouemo and
Morad, 2003) and Ca2* channel inhibitors are cerebroprotective against EW stress. In mice,
EW increased expression of T-type Ca%* channel genes (Graef et al., 2011), and the T-type
Ca?* channel blocker ethosuximide reduced seizures provoked by intermittent ethanol
exposures and withdrawals (Riegle et al., 2014, 2015) and restored EW-disrupted sleep
activity (Wiggins et al., 2013). Similarly, the Ca2* channel antagonists nitrendipine and
nimodipine attenuated EW-induced seizures and mortality in rats (Little et al., 1986).

Glutamate is a direct opener of neuronal Ca2* channels. Upon EW, glutamate binding to its
upregulated postsynaptic receptors provokes prolonged Ca2* channel opening and massive
Ca?* entry (Figure 2). Kahlert et al. (2005) demonstrated increased CaZ* influx in
hippocampal cell cultures exposed to glutamate concentrations (100 uM) resembling those
produced by excitatory neurotransmission (Meldrum, 2000). Overactivation of NMDA
receptors by excess glutamate during EW-induced hyperexcitation may be intimately linked
to CaZ*-induced cytotoxicity (Whittington et al., 1995), due in part to the high Ca%*
conductance of these receptors (Nagy, 2008). Further evidence of the glutamate-Ca2*
interaction is a study in primary cultures of cortical neurons (Nagy and Laszl6, 2002), where
three cycles of 12 h ethanol exposure and 12 h EW potentiated intracellular Ca2* overload
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evoked by NMDA. The glutamate-Ca2* interaction likely plays a central role in EW-induced
neuronal hyperexcitation.

Excessive Ca?* may disrupt brain energy metabolism during EW. Cellular uptake of the
glucose analog 2-deoxyglucose, a measure of glucose uptake, was decreased in hippocampal
slices from ethanol withdrawn rats, and the CaZ* channel antagonists nifedipine and
flunarizine attenuated this effect (Shibata et al., 1995); thus, Ca2* channel hyperactivation
impedes glucose metabolism during EW. Excessive Ca?* may harm mitochondria, too.
Elevated cytosolic Ca2* promotes mitochondrial Ca?* uptake and Ca2* overload, triggering
mitochondrial membrane swelling, collapse of the electrochemical H* gradient (Grant et al.,
1990), and production of toxic ROS (Lafon-Cazal et al., 1993). Thus, intracellular Ca*
management is critical, necessitating mechanisms to prevent Ca2* overload, including Ca2*-
binding proteins that limit mitochondrial Ca2* uptake. Rewal et al. demonstrated decreased
cerebellar and hippocampal contents of the Ca2* binding protein parvalbumin in ethanol
withdrawn vs. control rats (Rewal et al., 2005), suggesting that EW hampers defenses
against intracellular Ca%* overload (Figure 2). By opening Ca%* channels and hindering
Ca?* buffering capacity, EW perturbs Ca2* homeostasis in a manner that exacerbates
excitotoxicity (Arundine and Tymianski 2003; Choi, 1992).

D. ROS overproduction during ethanol withdrawal

Reactive oxygen species are highly reactive O, derivatives including superoxide (¢O,"),
hydrogen peroxide (H»05), hydroxyl radical (*OH), and hydroperoxyl radical (HO¢). Most
ROS possess unpaired electrons, rendering the molecules unstable and chemically
aggressive. To balance their unpaired electrons, ROS extract electrons from other molecules,
including proteins, phospholipids and DNA. ROS-induced lipid peroxidation generates
thiobarbituric acid reactive substances (Wilbur et al., 1949; Wood and Watson, 1967), and
protein oxidation leaves a footprint, protein carbonyls (Yan, 2009). Alcoholics undergoing
EW had elevated circulating concentrations of the oxidized lipid products malondialdehyde
and 4-hydroxynonenal, which gradually subsided over 6 months (Budzynski et al., 2016),
showing the persistence of the lipid modifications. The plasma concentrations of «O,™ and
malondialdehyde were higher in ethanol withdrawn rats than control or ethanol-consuming
rats (Gonzaga et al., 2015), showing that EW’s prooxidant effects may exceed those of the
antecedent ethanol exposure (Jung, 2016). These findings are concordant with the authors’
findings of increased ROS, malondialdehyde and protein carbonyl contents in ethanol-
withdrawn HT22 cells (Prokai-Tatrai et al., 2009) and rats (Jung et al., 2011) vs. the
respective control and ethanol exposure values. These prooxidant effects may in part explain
how EW inflicts more severe neuronal damage than ethanol exposure alone (Phillips and
Cragg, 1984).

While ethanol metabolism directly yields ROS, EW indirectly generates ROS and oxidizes
lipids and proteins through other mediators, including Ca2* and glutamate (Jung, 2016).
Ca?* exposure provoked «OH generation in rat cerebrocortical and cerebellar mitochondria
(Dykens, 1994). Ca2* may perturb mitochondrial membranes in a manner that increases
non-selective H* efflux across the inner mitochondrial membranes (Kowaltowski et al.,
1996; Grijalba et al., 1999), thereby generating ROS by increasing electron leakage from the
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respiratory chain (Figure 2). Ca2* activation of mitochondrial dehydrogenases exacerbates
ROS formation by increasing production of NADH (Chinopoulos and Adam-Vizi, 2006),
which supplies electrons to the mitochondrial respiratory chain (Figure 2). The excess ROS
modify critical components of the respiratory chain, thereby compromising ATP production
(Nicholls et al. 2007). Similarly, glutamate increases ROS formation by elevating
intracellular Ca2*; thus, glutamate activation of NMDA receptors increased Ca2* influx into
mouse hippocampal neurons, which activated ROS production (Hernandez-Fonseca et al.,
2008). ROS also may increase extracellular glutamate concentration by disabling astrocytic
EAATS that manage extracellular glutamate (Sorg et al., 1997). Collectively, these studies
suggest that the toxic interplay between ROS, Ca2*, and excess glutamate mediates cell
death and behavioral hyperexcitation during EW.

The moderate amount of ROS that are normally produced during cellular ATP production
are efficiently scavenged by antioxidant enzymes. On the other hand, Huang ef a/. (2009)
reported decreased serum antioxidant enzyme activities in ethanol withdrawn human
alcoholics. Serum malondialdehyde concentrations were higher in the alcoholics than in
healthy subjects, and glutathione peroxidase and catalase activities remained depressed at 1
and 2 weeks of EW (Huang et al., 2009). Oxidative brain damage induced by EW may
hence be attributed to a two-pronged attack from increased ROS production and
compromised antioxidant defenses.

E. Mitochondrial permeability transition

Calcium ions enter mitochondria via the voltage-dependent anion channel (VDAC) within
the outer mitochondrial membrane (Rizzuto et al., 2009). VDAC’s gating role in
mitochondrial Ca2* entry was demonstrated by Rapizzi et al. (2002) in the human HeLa cell
line, where increased VDAC expression increased mitochondrial matrix Ca2*
concentrations, followed by apoptotic cell death. VDAC is a component of the mitochondrial
permeability transition pore (mPTP), a multi-protein complex that permits passage of
molecules < 1.5 kDa across mitochondrial membranes (Stuart 2002). The mPTP is
minimally composed of adenine nucleotide translocase, mitochondrial creatine kinase,
VDAC and cyclophilin D (Dolder et al., 2001; Halestrap and Brennerb 2003). These proteins
interact to regulate mPTP opening and the passage of specific molecules (Beutner et al.,
1998; Dolder et al., 2001). The functional coupling of these proteins is critical because of
fluctuating energy requirements, especially under the stressful conditions of EW. Of
particular significance, mPTP opening is greatly enhanced by oxidative stress. In an early
study of hyperexcitability in rats, EW after 33 weeks ethanol exposure intensified the
mitochondrial permeability response to a *O,~ generator, phenazine methosulfate (French
and Todoroff 1971). We demonstrated in rats that consumption of a 6.5% ethanol diet for 35
days, followed by 24 hours EW, increased «O,~ and protein carbonyl contents and mPTP
inducibility in isolated mitochondria from cerebral cortex, cerebellum and hippocampus
(Jung et al., 2008). mPTP are embedded in mitochondrial membranes, so it is entirely
possible that excessive mPTP opening changes the membrane structure and exacerbates
oxidative damage.
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Oxidative stress and mitochondrial Ca?* loading can impede the regulatory function of
mPTP proteins (Halestrap and Brennerb 2003). The malfunctioning mPTP permits random
passage of molecules across the inner mitochondrial membrane, induces mitochondrial
swelling, and dissipates the H* electrochemical gradient for ATP production (Pepe 2000;
Yan et al., 2002; Halestrap and Brennerb 2003). Skrzypiec et al. (2009) demonstrated
mitochondrial membrane depolarization in hippocampal neurons upon EW, accompanied by
a substantial increase in the fraction of cells displaying mitochondrial disruption and
apoptosis. Cytochrome ¢ oxidase, the terminal complex IV of the mitochondrial respiratory
chain, reduces O, to H,O to help generate ATP. Jaatinen et al. (2003) observed that repeated
EW inactivated cytochrome ¢ oxidase in cerebellar Purkinje neurons, a phenomenon that
was more severe in 24- than 4-month-old male rats. Congruent with the effect of age on
cytochrome c oxidase is our finding that repeated EW suppressed cytochrome ¢ oxidase
content and activity more severely in 15- than 8-month-old rats (Jung et al., 2012).
Collectively, these studies support the proposal that factors associated with excessive mPTP
opening contribute to brain injury upon EW.

F. EW activation of p38 MAPK

p38 is one of a large family of mitogen-activated protein kinases (MAPK) that regulate
cellular responses to stresses by phosphorylating target proteins. p38 itself is phosphorylated
and activated by MAPK kinase, 7.e. MAPKK. Physiologically, p38 mediates signal
transduction, synaptic plasticity, learning, and memory (Sweatt, 2001), but its over-
activation is associated with apoptosis and inflammation. Stress-activated p38
phosphorylates a host of signaling proteins mediating apoptosis, inflammation, and oxidative
stress (Moriguchi et al., 1996). For example, p38 mediated apoptosis of rat cerebrocortical
astrocytes exposed to tumor necrosis factor (Barca et al., 2008) and neurotoxin-induced
apoptosis of mouse cerebellar granular neurons (Giordano et al., 2008). Moriguchi et al.
(1996) identified an intriguing relationship between p38 and ROS, wherein H,0, activates
MAPKK® which, in turn, activates p38.

Tian et al. (2016) demonstrated p38 activation in prefrontal cortex of rats after 4 days binge
drinking, suggesting that repeated EW, even short term, is capable of augmenting p38
activity. Further, a 7 week program of daily cycles of 17 hours ethanol intoxication and 7
hours withdrawal increased p38 gene expression by 3.3-fold in rat prefrontal cortex
(Rimondini et al., 2002). We demonstrated in rats that two cycles of ethanol intoxication for
4 weeks and 3 weeks EW increased p38 expression in cerebellum (Ju et al., 2012) and
prefrontal cortex (Jung et al., 2016). Similarly, repeated ethanol exposure and removal
increased p38 expression in the rat cerebellar HT22 cell line (Jung et al., 2016). Of particular
interest, these experiments demonstrated augmentation of EW-induced p38 by glutamate and
suppression by the NMDA receptor antagonist dizocilpine (Jung et al., 2016), indicating that
glutamate activates p38 expression via NMDA receptors. These findings are concordant with
a report that the prototypical receptor agonist NMDA produced neuronal apoptosis in a
manner dampened by p38 inhibition (Kim et al., 2011), implicating a p38-glutamate
interaction in the neuronal death. Although we and others found p38 to be activated by
multiple EW bouts, no studies have compared p38 activation by single vs. repeated EW, a
matter that merits investigation.
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G. Presenilin 1 activation by EW

Presenilin 1 (PS1) is the catalytic subunit of the -y-secretase enzyme complex that cleaves
amyloid precursor protein (APP), yielding AP peptides. PS1 is encoded by PSEN genes, the
mutation of which results in A over-production and aggregation forming senile plaques, a
histological hallmark of the devastating neurogenerative disorder, Alzheimer's disease.

Although AB overproduction by mutated PS1 is well known, the role of wild-type PS1 is
more controversial. For example, protection of mouse cortical neurons by the proteolytic
enzyme trypsin was disrupted in neurons lacking one or both PSEN alleles (Nikolakopoulou
et al., 2016), suggesting PS1 was neuroprotective. Decreased PS1 expression in brains of 15
or 24 vs. 6 month-old mice (Thakur and Ghosh 2007; Kaja et al., 2015) implicated PS1
deficiency in brain aging. On the other hand, Kumar et a/. (2009) reported PS1 accumulation
in the hippocampus of senescent vs. younger mice, accompanied by memory loss.
Furthermore, DeStrooper et al. (1999) demonstrated decreased y-secretase cleavage of APP
and a fivefold drop in AR production in cultured neurons from PS1-deficient vs. wild type
mouse embryos. These studies indicate that even wild type PS1 in excess may contribute to
brain aging and Ap accumulation.

Recently, we demonstrated elevated PS1 expression in brains of young adult rats after
repeated EW (Jung et al., 2016). Also, high dose glutamate induced PS1 over-expression in
HT22 neuronal cells, placing PS1 in the molecular network associated with excitotoxicity.
Although these findings seemed to contradict the neuroprotective effect of PS1 reported by
Nikolakopoulou et al. (2016), that neuroprotection was independent of -y-secretase activity.
EW toxicity in HT22 cells was ameliorated by -y-secretase inhibition (Jung et al., 2016),
similar to the reported suppression of Ca2* induced hippocampal cell death by y-secretase
inhibition (Choi et al. 2010). Li et al. (2011) demonstrated that PS1 over-expression is
sufficient to enhance y-secretase activity. The -y-secretase complex is minimally composed
of PS1, the presenilin-binding protein nicastrin, and B-catenin, and also may contain Aph-1
and Pen-2 (Tandon and Fraser, 2002). These components may modulate PS1 in a manner
which may vary depending upon cellular milieu or the nature of stress. Moreover, y-
secretase mediates two distinctive signaling events: APP cleavage that yields Ap, and notch
cleavage that produces notch intracellular domain, a transcription factor which enters nuclei
and activates target genes. With such divergent molecular pathways, a given stressor may
modulate PS1’s interactions with other -y-secretase components, culminating in beneficial or
deleterious outcomes. In the case of peated neuronal hyperexcitation, excessive amounts of
PS1 may contribute to neurotoxicity, not protection. Nevertheless, the possibility cannot be
excluded that the increase in PS1 in ethanol withdrawn rats represents an adaptive response
to prevent further brain damage.

4. Current EW treatments and their limitations

Benzodiazepines (BZDs), central nervous system depressants that enhance inhibitory GABA
neurotransmission and are widely used for management of anxiety, agitation and seizures,
currently are the primary treatments for clinical management of EW. The best-studied BZDs
for EW include diazepam (Valium), lorazepam (Ativan), and chlordiazepoxide (Librium)
(Mayo-Smith, 1997; Rosenbloom, 1988; Myrick and Anton, 2000). Other drug classes such
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as anticonvulsants, barbiturates, adrenergic drugs, and GABA agonists have been used to
treat EW syndromes, but BZDs thus far have yielded the best outcomes (Sarff and Gold,
2010; Sachdeva et al., 2015). While BZDs have a wide therapeutic window, they also may
impose untoward side effects that limit their clinical application. BZDs have dependence
liability and are among the most abused prescription drugs [NIDA, 2016: https://
www.drugabuse.gov/drugs-abuse/commonly-abused-drugs-charts]. Rebound effects can
occur upon cessation of BZD treatment, increasing the risk of relapse into ethanol
dependence (Malcolm, 2003). Alcoholics are particularly vulnerable to BZD dependency
(Mueller et al., 2005). Both ethanol and BZD act at GABA-BZD receptor complexes and
facilitate GABA-ergic neurotransmission. Because of this common mechanism, ethanol-
tolerant alcoholics develop tolerance to BZDs and require higher doses than non-alcoholics
(Book and Myrick, 2005; Gartenmaier et al., 2005). However, high BZD doses are heavily
sedating and can suppress ventilation (Gillis et al., 1989; Megarbane et al., 2005) to an
extent requiring emergency medical treatment (Hack et al., 2006). Chronic or repeated
application of BZD, a prevalent pattern among alcoholics, raises major risk of
complications. Upon repeated dosing with long-acting diazepine, its psychoactive, longer
half-life metabolite desmethyldiazepam remains in the body for several days, which can
exacerbate existing medical conditions, e.g. chronic obstructive pulmonary disease [NIAAA,
1989: https://pubs.niaaa.nih.gov/publications/aa05.htm].

The important limitations of BZD have prompted studies of alternative treatments for EW
management with lower risks of adverse effects. Non-BZD compounds such as
carbamazepine, gabapentin, valproic acid, topiramate, y-hydroxybutyric acid, baclofen, and
flumazenil have limited clinical efficacy (Leggio et al, 2008). The GABA analogue
gabapentin (Eastes, 2010) and even intravenous ethanol (Weinberg et al., 2008) have been
proposed to prevent EW stress, but the purported benefits weren’t achieved. The ap-
adrenoreceptor agonist clonidine did not mitigate the agitation associated with EW, a
potential disadvantage of treating hyper-excitatory syndromes (Etherington, 1996a, b).
BZDs proved more effective against EW-induced seizure than -y-hydroxybutyric acid or
anticonvulsants (Amato et al., 2011). Pharmacotherapies using disulfiram and naltrexone,
aimed at alleviating EW symptoms and minimizing the risk of relapse, showed limited
efficacy in large multicenter studies (Fuller et al., 1986; Krystal et al., 2003). As such, none
of these alternative drug treatments has proven more effective than BZDs. Instead, non-
pharmacological strategies may afford novel, non-invasive interventions against EW
syndromes and the resultant neurodegeneration.

5. Intermittent hypoxia training: cerebroprotective intervention

A. Therapeutic vs. detrimental intermittent hypoxia in brain

The concept of brain protection by hypoxia may seem counterintuitive. The human brain
consumes enormous amounts of ATP, and is heavily dependent on a steady supply of oxygen
to sustain its energy demands. Indeed, the brain accounts for 15-20% of the total resting O,
consumption in adults (Clark & Sokoloff, 1999). Moreover, compromised O delivery is a
core factor in brain ischemic syndromes, including stroke and cardiac arrest, which rank
among the leading causes of death and permanent disability worldwide (Mozaffarian et al.,
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2016). Although severe hypoxia sufficient to impair ATP production is certainly detrimental
to the brain, moderate and/or brief reductions in O, supply may elicit adaptations that serve
to increase the brain’s resistance to more severe insults, particularly ischemia and alcohol
withdrawal.

It is important to distinguish cerebroprotective intermittent hypoxia training (IHT) from the
intermittent hypoxia produced by obstructive or central sleep apnea, a major risk factor for
cardiovascular morbidities including hypertension, stroke and coronary artery disease
(Serebrovskaya et al., 2008; Mateika et al., 2015). Sleep apnea is characterized by
interruptions in alveolar ventilation that produce brief yet intense episodes of hypoxia and
hypercapnia. These apneic events may occur 30 times an hour, a rate associated with
heightened risk of cardiovascular mortality (Marin et al., 2005). Preclinical models of sleep
apnea utilize intense (e.g. 4-8% O5) hypoxic exposures, typically 60-90 s, followed by
similarly brief exposures to 21% O, (Fletcher, 2000; Serebrovskaya et al., 2008), repetitively
for several hours per day. In contrast, therapeutic IHT utilizes somewhat longer hypoxia
exposures, each several minutes duration, alternated with room air exposures also lasting
several minutes, for a limited number of daily cycles over a period of several days to weeks
(Serebrovskaya and Xi, 2016). The authors have utilized a 20 d program of 5-8 daily cycles
of 5-10 min moderately intense hypoxia (9.5-10% O5) with intervening 4 min exposures to
21% 05, with each daily session totaling 45-98 min (Zong et al., 2004). This controlled
hypoxia program has proven effective against myocardial infarction in dogs (Zong et al.,
2004; Mallet et al., 2006; Estrada et al., 2016), hypertension in rats (Manukhina et al., 2013)
and human patients (Lyamina et al., 2011), and alcohol withdrawal in rats (Jung et al., 2008;
Juetal., 2012; Ryou et al., 2017).

B. Mechanisms of IHT-induced cerebroprotection from alcohol withdrawal

The authors have demonstrated normobaric IHT programs can minimize brain injury and
neurobehavioral deficits during EW following protracted ethanol diets. In rats consuming
6.5% ethanol for 5 weeks, the IHT regimen of 5-8 daily exposures to 9.5-10% O, for 5-10
min followed by 4 min room air breathing (Zong et al., 2004; Mallet et al., 2006; Estrada et
al., 2016), administered over the last 20 d of the ethanol diet, prevented the behavioral
deficits seen at 24 hours EW (Jung et al., 2008). The IHT program altered neither ethanol
intake, blood ethanol concentrations nor body weight. Ethanol intoxication increased «O,~
and protein carbonyl contents in the cerebral cortex, cerebellum and hippocampus, and EW
provoked further increases in these oxidative stress markers. IHT blunted «O,~ formation in
all 3 regions, and protein carbonyl formation in the cerebral cortex and cerebellum.

Cyclic hypoxia and reoxygenation provokes ROS formation (Prabhakar et al., 2007),
primarily from the mitochondrial respiratory complexes (Selivanov et al., 2011). ROS
generated during intermittent hypoxia-reoxygenation may mediate the evolving
neuroprotection (Figure 3). Intraperitoneal injections of the broad-spectrum antioxidant, A+
acetylcysteine, before each daily hypoxia session prevented the reductions in behavioral
deficits. Paradoxically, the antioxidant treatment during IHT actually increased cerebellar
*O,~ content at 24 hours EW, a finding that implicates ROS in the development of the
neuroprotection afforded by IHT. In response to ROS, the transcription factor, nuclear factor
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erythroid 2-related factor 2 (Nrf2), activates expression of an extensive gene program
encoding numerous phase Il defense enzymes that collectively afford powerful antioxidant
and anti-inflammatory cytoprotection (Vargas & Johnson, 2009; Alfieri et al., 2013; Dringen
et al., 2015). Induction of Nrf2’s gene program increases cellular resistance to ROS and
carbonyl stress. Intermittent hypoxia could potentially be more neuroprotective than
sustained, uninterrupted hypoxia exposures (Serebrovskaya et al., 2008) because the cyclic
exposures to room air trigger modest, nontoxic ROS formation which activates Nrf2-driven
expression of antioxidant genes (Figure 3) (Calabrese et al., 2008; Kaspar et al., 2009),
increasing the brain’s antioxidant defenses against the more intense ROS formation
provoked by EW. The impact of IHT on Nrf2 and its neuroprotective gene program in brain
is unknown, but merits investigation.

Inactivation of cytochrome ¢ oxidase causes electrons to accumulate within respiratory
complexes | and 111 (Bailey et al., 1999) and monovalently reduce molecular oxygen to «O,™.
Thus, the suppression of «O,~ formation suggested IHT may have protected the
mitochondrial respiratory complexes in vulnerable brain regions. Accordingly, Ju et al.
(2012) examined the impacts of alcohol intoxication-withdrawal and IHT on cytochrome
oxidase in cerebellum, a brain region vulnerable to EW. Male rats completed two cycles of 4
weeks consumption of a 6.5% ethanol diet and 3 weeks of an ethanol-free dextrin diet. IHT
commenced 3 days before the first EW and continued for 17 days of the first but not second
EW period. The rats exhibited marked EW signs 24 hours after completing the second
ethanol diet which were partially mitigated by IHT completed 32 days earlier. Cerebellum-
dependent motoric capacity was impaired at 10 days of the second EW in a manner
prevented by the antecedent hypoxia training. Cerebellar cytochrome oxidase activity and
content of cytochrome oxidase subunit IV fell by approximately 70% at 21 d of the second
EW period, but IHT during the first EW partially maintained cytochrome oxidase activity
and fully preserved subunit IV content at 21 days of the second EW, 7.e. 52 days after
hypoxia training. The two cycles of alcohol intoxication-withdrawal doubled protein
carbonyl content in cerebellar mitochondria after the second EW cycle in a manner
attenuated by IHT during the first EW cycle. When daily oral administration of the
membrane-selective antioxidant vitamin E was substituted for IHT, cytochrome oxidase in
cerebellar mitochondria was similarly preserved. Collectively, these findings suggested that
IHT may have evoked antioxidant adaptations which rendered cerebellar mitochondria
resistant to subsequent EW stress, and this robust mitochondrial protection persisted for
several weeks.

Intermittent hypoxia training suppresses the cytotoxic signaling cascades activated by excess
glutamate. In rats, two cycles of 28 days ethanol intoxication and 21 days EW sharply
increased p38 activity in prefrontal cortex (Ryou et al., 2017) and cerebellum (Ju et al.,
2012), but IHT during the first EW cycle prevented p38 activation during the second cycle.
In the prefrontal cortex, EW and p38 activation were associated with increased PS1 content,
and AB1-40 and AB1-42 accumulation paralleled that of PS1 at 21 days EW. On the other
hand, IHT during the first EW cycle blunted subsequent accumulation of PS1, AB1_4¢ and
AB1_42 during the second EW initiated after another 28 days of ethanol diet. Thus, a 20 day
IHT regimen produced persistent protection against the neurotoxic signaling cascade
unleashed by EW.
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Two cycles of 28 days ethanol diet and 21 days EW produced appreciable protein
carbonylation in the prefrontal cortex (Ryou et al., 2017), yet IHT during the first EW cycle
prevented this increase, as it had in cerebellar mitochondria (Ju et al., 2012). The effects of
EW vs. IHT on the molecular chaperone, heat shock protein 25 (HSP25), may have
contributed to their respective pro- and antioxidant effects. HSP25 homodimers are effective
chaperones that direct carbonylated proteins to degradation (Dudich et al., 1995), preventing
cytotoxic accumulation of damaged proteins, but in its monomeric form, HSP 25 is
ineffective (Diaz-Latoud et al., 2005). HSP25 dimer content fell by 60% at 21 days of the
second EW cycle, while HSP25 monomers increased almost 30-fold, and the dimer/
monomer ratio fell by 98%. On the other hand, the antecedent IHT regimen almost
completely prevented accumulation of HSP25 monomers and partially restored the dimer/
monomer ratio. Thus, IHT prevented disruption of functional HSP25 dimers, thereby
preserving the chaperone’s cytoprotective capabilities.

C. IHT: potential intervention for alcoholic and Alzheimer’s dementias

The 6t leading cause of death in the United States (Feldstein, 2012), AD is a mounting
pandemic. In the United States alone, 4.5 million people had AD in 2000 (Hebert et al.,
2003), and this number is expected to increase to 13.2 million by 2050 (Hebert et al., 2003;
Honjo et al., 2012). Forty percent of Americans aged 85 and above have cognitive
impairment, and 75-80% of these are AD cases (Gandy & DeKosky, 2013). Worldwide, 36
million people had dementia, the majority of them AD, in 2010, a number expected to
increase to 115 million by 2050 (Honjo et al., 2012; Li et al., 2015). AD risk factors include
comorbidities of obesity: type 2 diabetes mellitus (Lu et al., 2009; Li et al., 2015),
hypertension (Di lorio et al., 1999; Qiu et al., 2005; Feldstein, 2012) and obstructive sleep
apnea (Bu et al., 2015; Daulatzai, 2015). As the population ages and the obesity epidemic
intensifies, the impact of AD will continue to surge.

Although alcohol-related impairments in executive function and memory are largely
reversible with abstinence (Venkataraman et al., 2017), a history of alcohol dependence is a
risk factor for AD (Panza et al., 2008; Ramesh et al., 2010; Zilkens et al., 2014).
Glutamatergic signaling, responsible for EW excitotoxicity, also plays a central role in the
pathogenesis of AD (Kocahan & Dogan, 2017). Indeed, it could be proposed that repeated
bouts of ethanol intoxication and withdrawal inflict multiple excitotoxic insults that
culminate in AD or AD-like dementia.

The pathogenesis of AD is extraordinarily complex (Manukhina et al., 2016), encompassing
cerebrovascular lesions (Kalback et al., 2004; Roher et al., 2011), microvascular rarefaction,
irreversible glycation of Ap and other proteins (Gomes et al., 2005; Miinch et al., 2003) in
cerebrovascular endothelium (Mackic et al., 1998), neurons (Li et al., 2013) and astroglia
(Lue et al., 2005), and oxido-nitrosative inactivation of metabolic (Tajes et al., 2013) and
antioxidant (Kim et al., 2003) enzymes. This complex pathogenesis has defied
pharmacological intervention. Despite extraordinary investment of research resources, no
medication has been found capable of halting or reversing the neurocognitive decline in AD
(Manukhina et al., 2016). On the other hand, preclinical evidence in a rat model of AD
indicates controlled, intermittent hypoxia may delay or prevent neurocognitive impairment.
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In these rats, a 14 day program of daily 4 hour hypobaric (simulated altitude 4000 m)
hypoxia exposures prevented memory loss, nitrosative stress and neuronal death produced
by subsequent Ap,s_s5 injection into the magnocellular nucleus (Goryacheva et al., 2010;
Manukhina et al., 2010). A recent report has extended IHT to geriatric patients (Bayer et al.,
2017). In this placebo-controlled trial, patients aged 64-92 years who completed a program
of alternating intermittent hypoxia and hyperoxia demonstrated improved cognitive
performance on dementia-detection and clock-drawing tests, and increased capacity for
walking exercise. Importantly, the intermittent hypoxia-hyperoxia regimen was well
tolerated by these patients.

Intermittent hypoxia’s powerful cerebroprotection against EW may have important
implications for the pathogenesis and treatment of neurodegenerative disorders including
AD. Repeated cycles of alcohol intoxication and withdrawal are known risk factors for
neurodegenerative disorders, including AD, later in life. AR deposition in senile plagues is a
histological hallmark of AD and a pivotal event in AD pathogenesis (Honjo et al., 2012).
Accordingly, two cycles of alcohol intoxication-EW increased AB-generating -y-secretase,
its catalytic subunit PS1, and the AD-associated peptides AB1_4¢ and AP1_42 in rat
prefrontal cortex (Ryou et al., 2017). The ability of IHT to suppress glutamatergic signaling
in the brain (Jung et al., 2016; Ryou et al., 2017) may minimize alcoholic dementia and
possibly delay the development of AD in the face of alcohol dependency. Moreover, by
minimizing EW-associated neurobehavioral deficits, IHT may enable alcoholics to avoid
relapse and achieve sustained abstinence.

SUMMARY

Alcohol use disorder is a mounting worldwide epidemic, a leading cause of premature death
and neurocognitive disablement, and a risk factor for Alzheimer’s disease and other
neurodegenerative disorders. EW provokes excessive glutamatergic neurotransmission
causing cytotoxic CaZ* overload, oxidative stress, and amyloid B accumulation, culminating
in injury and death of the postsynaptic neurons. These neurological sequelae discourage
abstinence; moreover, the significant side effects and limited effectiveness of available
pharmacotherapies underscore an unmet need for alternative treatments for EW. A
noninvasive, non-pharmacological intervention, IHT has proven remarkably effective in
preclinical studies against the deleterious signaling cascades initiated by EW and the
resultant neurobehavioral deficits and neuronal death. IHT blunted oxidative stress,
mitochondrial damage and amyloid  deposition, while preserving the cytoprotective
molecular chaperone, HSP25, in EW-vulnerable brain regions. Importantly, the anti-EW
neuroprotection persisted several weeks after completing the IHT program. Thus, IHT may
offer a safe, facile and highly effective treatment to minimize EW-induced excitotoxicity and
neurocognitive sequelae, thereby fostering sustained abstinence from ethanol intoxication.
While BZDs are powerful interventions to attenuate EW syndromes, their therapeutic use is
limited by dependence liability and other adverse effects such as movement and cognitive
deficits that often develop after long-term BZD therapy, yet are not seen with IHT. Table 1
compares the advantages of IHT vs. BZDs for treating EW and for addressing both the
clinical manifestations and underlying mechanisms of EW excitotoxicity discussed in this
review.
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Highlights

Intermittent, normobaric hypoxia training (IHT) programs afford robust
protection against the devastating effects of ethanol withdrawal in the brain.

This neuroprotection is manifest by near-prevention of ethanol withdrawal-
induced neurological deficits and irreversible neuronal injury.

IHT’s neuroprotective actions stand in stark contrast to the detrimental effects
of the more intense hypoxia imposed by sleep apnea.

The moderate amounts of reactive oxygen species produced in the brain
during controlled, cyclic hypoxia and reoxygenation evoke molecular
adaptations that increase the brain’s resistance to ethanol withdrawal-induced
glutamate excitotoxicity.

IHT is a non-invasive, non-pharmacological intervention that overcomes the
limitations of current treatments for ethanol withdrawal.
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Figure 1. Glutamate cycling between neurons and astrocytes
The excessive level of glutamate in extracellular space is taken-up to astrocytes by excitatory

amino acid transporters (EAAT). In astrocytes, glutamate is converted to glutamine by
glutamine synthase in the presence of ATP. Non-excitatory glutamine is subsequently
released from the astrocytes and taken up by neuronal glutamine transporters (GIn Tp).
Inside neurons, glutamine is deaminated to regenerate glutamate.
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Figure 2. Neurotoxic signaling cascades initiated by ethanol withdrawal
During EW, increased neuronal depolarization and axonal Ca2* entry provoke excessive

glutamate release, which activates ionotropic N-methyl-D-aspartate (NMDA\) receptors,
permitting massive Ca2* influx into the postsynaptic neuron and, via voltage gated ion
channels (VDAC), the mitochondria. Mitochondrial Ca2* activates mitochondrial
dehydrogenases to produce NADH which delivers electrons (e7) to the respiratory chain. e~
leakage from complexes | and 111 partially reduces O,, generating reactive oxygen species
(ROS). The resultant cytosolic and mitochondrial Ca2* overload and ROS formation
destabilize the mitochondrial membrane, opening mitochondrial permeability transition
pores (mPTP) that compromise ATP production and initiate the mitochondrial apoptosis
cascade. ROS and Ca?* also activate p38 mitogen-activated protein kinase (p38 MAPK),
which in turn activates y-secretase and, thus, cytotoxic amyloid p formation. Also, ROS
inflict oxidative damage on cellular phospholipids and proteins, and impair glutamate
clearance by the astrocytic excitatory amino acid transporters (EAAT). See text for details.
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Figure 3. Reactive oxygen species are both the mediators and targets of intermittent hypoxia-

induced neuroprotection

Intermittent hypoxia induces moderate formation of ROS, which activate transcription factor
Nrf2, initiating gene expression of antioxidant enzymes that protect neurons from the more
intense ROS formation during ethanol withdrawal. See text for details.
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Table 1

Comparison of the effects of IHT and clinical benzodiazepines (BZDs) on ethanol withdrawal (EW) mediators

and endpoints

| IHT

BZDs

EW syndromes

Attenuates in rats (Jung et al., 2008)

Attenuates in humans (Sachdeva et al., 2015)

Physical dependence

No known IHT-related dependence

Occurs after long-term BZDs (Licata and Rowlett, 2008)

Cognition

Not reported in ethanol withdrawn
subjects

Deficits occur in humans after long-term alprazolam (Vandesquille et al.,
2012)

Motoric functions

Not reported in ethanol withdrawn
subjects

Deficits occur in humans with lorazepam (Dawson et al., 2008) and in
mice with diazepam and lorazepam (Stanley et al., 2005)

Glutamate concentration | Not reported in ethanol withdrawn

subjects

Diazepam does not change extracellular glutamate in EW rats (Rossetti
and Carboni, 1995)

Diazepam decreases extracellular glutamate in non-EW rat brain (Khan
etal., 1999)

Ca2+

Not reported in ethanol withdrawn
subjects

Diazepam, brotizolam, and clobazam up-regulate Ca2* channels in non-
EW mouse cerebrocortical neurons (Katsura et al., 2007)
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