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Abstract

Background—~Ethanol (EtOH) neurotoxicity can result in devastating effects on brain and
behavior by disrupting homeostatic signaling cascades and inducing cell death. One such
mechanism involves double-stranded RNA activated protein kinase (PKR), a primary regulator of
protein translation and cell viability in the presence of a virus or other external stimuli. EtOH-
mediated up-regulation of interferon-gamma (IFNy; the oxidative stress-inducible regulator of
PKR), PKR, and its target, p53, are still being fully elucidated.

Methods—Using western blot analysis, immunofluorescence and linear regression analyses,
changes in the IFNy-PKR-p53 pathway following chronic ethanol treatment in the frontal cortex
of rodents were examined. The role of PKR on cell viability was also assessed in EtOH-treated
cells using PKR overexpression vector and PKR inhibitor.

Results—In rats chronically-fed ethanol, PKR, phosphorylated PKR (p-PKR), IFN-y, and p53
were significantly increased following chronic ethanol exposure. Linear regression revealed a
significant correlation between IFN+y and p-PKR protein levels, as well as p-PKR expression and
age of EtOH exposure. Overexpression of PKR resulted in greater cell death, while use of PKR
inhibitor enhanced cell viability in EtOH-treated cells.

Conclusions—Chronic EtOH exposure activates the IFNy-PKR-p53 pathway in the frontal
cortex of rodents. p-PKR expression is greater in brains of rodents exposed to EtOH at earlier ages
compared to later life, suggesting a mechanism by which young brains could be more susceptible
to EtOH-related brain injury. PKR and p-PKR were also colocalized in neurons and astrocytes of
rats. This study provides additional insight into biochemical mechanisms underlying alcohol use
related neuropathology and warrants further investigation of PKR as a potential
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pharmacotherapeutic target to combat EtOH-related neurotoxicity, loss of protein translation and
brain injury.

Alcohol use disorders (AUDs) are the fifth leading risk factor globally for premature death
and disability, and are associated with neuropsychiatric impairment which affects physical
health, mood, memory, executive function and cognition (Tarter and Alterman, 1984,
Nicolas et al., 1993, Dupont et al., 1996). Several molecular consequences of ethanol
(EtOH)-induced brain injury have been identified, including an increase in apoptotic
signaling, oxidative stress production, transcriptional or translational dysregulation and
inhibition of protein synthesis, leading to cell death (Moonat et al., 2010, Ou et al., 2010,
Luo, 2012, Trudell et al., 2014). Moreover, EtOH appears to be especially deleterious to
young brains. Studies have illustrated that adolescent-aged brains are more vulnerable to
EtOH-induced damage and cell death compared with EtOH exposure in adult-aged brains
(Crews et al., 2000; Hermens et al., 2013; Kane et al., 2014). However, the biochemical
mechanisms underlying these differential effects in young brains are not clearly understood.

We recently noted that expression of double stranded RNA-activated protein kinase (PKR) is
higher in the postmortem brain of AUD patients who had early onset AUD compared to
individuals who began drinking in later life (Johnson et al., 2015). PKR, an interferon-
induced kinase which contains an N-terminal dsRNA-binding regulatory domain and C-
terminal catalytic domain (Williams, 1999), is most widely known for counteracting viral
infiltration of the host cell (Garcia et al., 2006). In the presence of dsRNA or other cellular
stressors, PKR is activated through autophosphorylation on multiple serine/threonine
residues leading to subsequent phosphorylation of target substrates, the most characterized
of which being the alpha subunit of eukaryotic initiation factor 2 (elF2apha)(Garcia et al.,
2006). Activated PKR (phosphorylated PKR; [p-PKR]) impairs elF2A activity, which
thereby inhibits protein synthesis (Hovanessian, 1989, Williams, 1999) and induces cell
death (Srivastava et al., 1998, Gil et al., 1999, Donze et al., 2004). In addition, PKR activates
p53 via interaction with the C-terminal which may initiate apoptotic signaling cascades
(Williams, 1999; Garcia et al., 2006). Several factors/pathways are responsible for regulating
PKR expression and activity. One of these PKR regulators, interferon-gamma (IFN-y), is a
cytokine which induces transcription of PKR through JAK-STAT signaling and IFN-y
activated sequence elements (GAS) in the PKR promoter (Hovanessian, 1989; Tanaka and
Samuel, 1994, Garcia et al., 2006, Pyo et al., 2008). IFN-+y also activates PKR catalytic
activity directly through mRNA binding to PKR regulatory subunit (Cohen-Chalamish et al.,
2009). In addition, SP1-like transcription factors are reported to regulate PKR transcription
through Sp1-binding sites in the promoters (Das et al., 2006, Bin et al., 2011).

PKR mediates neuronal cell death in several neurodegenerative disorders apart from viral
infection, including Alzhiemer’s, Huntington’s and Parkinson’s diseases (Onuki et al., 2004;
Peel, 2004; Bando et al., 2005; Morel et al., 2009). Additionally, PKR and IFNvy are induced
by EtOH and involved in the subsequent neurotoxic consequences of EtOH exposure
(Lanzke et al., 2007, Ke et al., 2011), and mediate neural cell death from EtOH exposure
(Chen et al., 2006). Furthermore, IFNy is up-regulated by reactive oxygen species (ROS)
and EtOH exposure (Lanzke et al., 2007), and is a central player in oxidative stress-induced
PKR expression and subsequent apoptosis (Pyo et al., 2008). EtOH has been documented to
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increase p53-induced oxidative stress and cell death in neurons as well (Kuhn and Miller,
1998; Chu et al., 2007). Previous studies also note increased expression of PKR/p-PKR/p53
in fetal alcohol syndrome and that EtOH-induced PKR expression decreases cell survival in
the central nervous system (CNS) (Chen et al., 2006; Chu et al., 2007). Up-regulation of
PKR has also been identified as a mechanism of EtOH-induced death of cerebellar granule
cells (Luo, 2012). Moreover, EtOH-induced stress of endoplasmic reticulum, as well as
EtOH-induced thiamine deficiency increases PKR and PKR-related neuronal cell death (Ke
etal., 2009, Ke et al., 2011). Interestingly, PKR inhibitors (PKRIs) have been demonstrated
to assuage cellular stress, leading to increased cell viability (Shimazawa and Hara, 2006).
Because the IFNy-PKR pathway has been linked to EtOH-induced neurodegeneration, and
our previous report indicated that this pathway is more enhanced in early-onset AUD
(Johnson et al., 2015), we hypothesize that alcohol consumption at a younger age induces
greater IFNy-PKR signaling which could result in greater neurodegeneration in later life.

In this study, we extended our investigation of EtOH-induced PKR regulation by evaluating
IFN+y, PKR, p-PKR, and p53 protein expression following exposure of rats to chronic EtOH
in the frontal cortex. The Lieber-Decarli liquid EtOH diet used in this study is a well-
established, chronic EtOH rodent model which closely mimics many EtOH-related
consequences of AUD in humans (Lieber et al., 2008). The liquid diet is also ideal to
produce blood EtOH concentrations less than 50mM, which is commonly found among
alcoholics and result in the physiological effects of chronic EtOH use (Henriksen et al.,
1997; Qu et al., 2010; Olson et al., 2013). The frontal cortex was examined in this study
because it is a highly vulnerable region to EtOH-induced brain damage and subsequent
neurocognitive dysfunction (Moselhy et al., 2001; Moriyama et al., 2002). In addition, we
further examined the relationship between age-of-onset of EtOH exposure and the
expression of p-PKR in mice. Understanding these age-specific changes in EtOH-related
PKR induction and consequential signaling aberrations may provide new
pharmacotherapeutic strategies to combat EtOH-related brain injury. Last, the degree to
which PKR is involved in EtOH-induced cell death and drugs which could rescue EtOH-
induced PKR ugpregulation is still obscure. Therefore, we manipulated PKR using an
overexpression vector and a PKRI in neural cells exposed to EtOH to determine the
significance of PKR on EtOH-mediated cell death.

MATERIALS AND METHODS

Animal Studies

The rodent experiments used in this study were conducted according to the Ethical
Guidelines on Animal Experimentation and approved by the Institutional Animal Care and
Usage Committee at the University of Mississippi Medical Center. Male Wistar rats used in
the chronic EtOH feeding studies were obtained from the Indiana University Alcohol
Research Center only. C57/6J mice at ages of 1, 4, or 9 months were bread at UMMC and
used in the age-of-onset study. All rodents were individually housed in a temperature- and
humidity-controlled room with a 12:12-h light/dark cycle with ad libitum access to food and
water until the start of EtOH treatments.
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Chronic EtOH Rodent Model

Male adult, EtOH-preferring Wistar rats (weighing 180 to 220 g) were fed either the Lieber-
DeCarli EtOH diet or a control diet (Dyets Inc., Bethlehem, PA). After being acclimatized
for three days, rats were then allowed free access to the control liquid diet without EtOH for
three days and randomly assigned to the EtOH-fed (n = 9) or control (n = 9) groups. For age-
of-onset analysis, male adult, C57 mice were randomly divided into groups which received
the Lieber-DeCarli EtOH (n = 18) or control (n = 18) diets beginning at ages of 1 month
(n=6), 4 months (n = 8), and 9 months (n =4). The liquid EtOH diet consisted of increasing
amounts of EtOH over 28 days which resulted in a final diet containing 36% of calories
from EtOH (6.4%) (Ou et al., 2011). The specific diet regimen was as follows: no EtOH for
three days, followed by 2.5% for three days, then 5.0% for five days, and finally 6.4% for 17
days. The final EtOH diet consisted of ~14 g EtOH/day/kg which resulted in a blood EtOH
concentration (BAC) of less than 50 mM (Ou et al., 2011), well within the range leading to
physiological effects observed in AUD (Brinkmann et al., 2002). The EtOH diet used in this
study was designed based of the well-documented Lieber-Decarli diet with a final diet
composed of 36% EtOH-derived caloric intake. This paradigm reproduces many aspects of
human alcohol dependence in animal models such as fatty liver, hyperlipidemia, various
metabolic and endocrine disorders, tolerance to EtOH and other drugs, physical dependence
and withdrawal, the fetal alcohol syndrome and liver changes (Lieber et al., 2008). The
control rats were fed an isocaloric glucose liquid diet without EtOH (Dyets, Inc.) (Ou et al.,
2011). All rats, in either EtOH-fed or control groups, were sacrificed by decapitation on day
29. Immediately following decapitation, one hemisphere containing the entire half of the
brain was directly placed in 4% paraformaldehyde to be fixed for immunohistochemical
studies, while the frontal cortex of the remaining hemisphere was dissected out and stored at
—80°C until further use (Ou et al., 2011).

Western Blot Analysis

Forty micrograms of total protein from each rat was separated on 10.5% SDS-
polyacrylamide gels by electrophoresis and transferred to PVDF membranes in a BioRad
mini tank apparatus (Ou et al., 2011). After transfer, the membranes were blocked at room
temperature for 1h with 5% nonfat dry milk. Membranes were then incubated with either
rabbit polyclonal anti-PKR (Santa Cruz, Dallas, TX), rabbit monoclonal anti-p-PKR
(Abcam, Cambridge, UK), rabbit monoclonal IFNy (Abcam), or mouse monoclonal p53
(Santa Cruz) primary antibodies overnight at 4 °C. Following incubation with respective
HRP-conjugated secondary antibodies, goat anti-mouse 1gG or goat anti-rabbit IgG (Santa
Cruz), bands were visualized by horseradish peroxidase reaction using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific). Following band visualization, the
membrane was stripped for 20 min at room temperature in Restore Western Blot Stripping
Buffer (Thermo Scientific), blocked, washed, then re-probed with mouse anti-actin primary
antibody (1:10,000; Millipore) and HRP-conjugated goat anti-mouse 1gG (Santa Cruz) as a
control for sample loading. Protein bands were visualized by the ChemiDoc XRS+ Imaging
System (BioRad). The optical density of the autoradiographic bands was calculated and
normalized to those of actin using Quantity One Plus analysis software (Ou et al., 2011).
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Triple-Labeling Immunofluorescence

Cell Culture

The brains from control rats and rats that were exposed to chronic EtOH feeding were
embedded into a Multibrain® gelatin block and cut into 40 um coronal free-floating sections
by Neuroscience Associates (Knoxville, TN). Sections were then stored at —20° C in antigen
preservative (polyvinyl pyrrolidone, phosphate-buffered saline, ethylene glycol) until further
use. After removal from antigen preservative, sections were washed (3x for 5min/each) with
phosphate-buffered saline (PBS) and blocked with 5% normal goat serum for 1h. Sections
were incubated with rabbit anti-p-PKR antibody (1:100; Sigma, St. Louis, MO) or rabbit
anti-PKR antibody (K-17, 1:150; Santa Cruz, CA). Sections were additionally incubated
with mouse anti-NeuN antibody (a neuronal marker; 1:400; Millipore, Billerica, MA) or
chicken anti-GFAP antibody (glial fibrillary acidic protein; an astrocytic marker; 1:1000;
Abcam, Cambridge, MA) overnight at 4° C followed by PBS washing (3x for 5 min/each).
Secondary antibody incubation was performed with a Cy3-conjugated goat anti-rabbit 1gG
(red, for p-PKR and PKR), Cy5-conjugated goat anti-mouse 1gG (magenta, for NeuN;
Jackson ImmunoResearch Inc, West Grove, PA), or Alexa-488-conjugated goat anti-chicken
IgG (green, for GFAP; Jackson ImmunoResearch Inc., West Grove, PA) at room temperature
for 2h. Following antibody incubations, sections were rinsed in PBS (3x for 5 min/each),
counterstained and mounted using Vectashield mounting medium with 4,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories, Burlingame, CA) to analyze under a Zeiss
Observer Z1 deconvolution fluorescent microscope system (Oberkochen, Germany) with
Slidebook software (Intelligent Imaging Innovations, Inc. Denver CO).

and MTT Assay

Human neuroblastoma SH-SY5Y and glioblastoma UM 1242-G were purchased from The
American Type Culture Collection (Rockville, Maryland) and seeded to 6-well plates.
Culture media contained MEM or DMEM, and F12 (1:1) supplemented with 10%
HyClone™ fetal bovine serum (Thermo Scientific, Waltham, MA) and Pen-Strep antibiotics
(Life Technologies, Carlsbad, CA). Cells were cultured in an incubator at 37 °C and 5%
CO», throughout. All cells were seeded 1 day prior to EtOH treatment or transfections. To
examine the effect of PKR on EtOH-induced cell death, the PKR expression vector and the
empty expression control vector pPCMV3.1 (Thermo Fisher Scientific, Waltham, MA) were
transiently transfected (2ug/well) using Superfect transfection reagent (Qiagen, Venlo,
Limburg) according to manufacturer’s instructions. In addition, PKR inhibitor (500nM;
Millipore, Bellerica, MA) was administered to EtOH-treated and control cells. At the start of
EtOH treatments, fresh medium containing 150mM of EtOH, a concentration within the
standard range of in vitro studies (Ku et al., 2006, Johnson et al., 2007), was dispersed to
cells 1x daily for 2 days. Control cells which did not receive EtOH received fresh medium
without EtOH 1x daily for 2 days. Following 2 days of EtOH treatment, cell viability was
measured by the metabolism of 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), which was incubated with cells under normal culturing conditions for 4
hours, followed by solubilization of formazan crystals by the addition of 1 mL of DMSO
into each well (Johnson et al., 2007). Optical density was then measured at 572nm using a
microplate reader (Biorad, Hercules, CA).
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Statistical Analysis

For multiple comparisons, a 2-way ANOVA followed by Tukey’s post hoc analysis was
used. For two group comparisons, a Student’s t-test was used. Pearson correlation was used
for the correlation of p-PKR and age. A value of p < 0.05 was considered significant. All
data are reported as mean + SEM.

RESULTS

Chronic EtOH Exposure Increases the Protein Expression of PKR, p-PKR, IFN-y, and p53
in the Frontal Cortex of Rats

To further elucidate the putative neurotoxic effects of chronic alcohol use on brain tissue, the
frontal cortex from rats exposed to chronic EtOH treatment (four weeks) and EtOH-
preferring matched controls were subjected to Western blot analysis. To fully evaluate our
working hypothesis, namely that EtOH elicits activation of the IFNy-PKR-p53 signaling
cascade, the protein expression levels of PKR, activated PKR (p-PKR), IFN-y, and p53 were
determined from the frontal cortex of 9 EtOH-treated rats and 9 age- and sex-matched
controls. Rats that were chronically exposed to EtOH revealed a 48% increase (416) = 2.43;
p<0.05) in PKR protein expression compared to control rats (Fig. 1). Because p-PKR is the
activated, functioning form of PKR in humans and animals, we also determined p-PKR
protein expression. Similarly, p-PKR protein expression was increased by 53% (#16) = 3.12;
p<0.04) in EtOH-fed rats compared to control rats (Fig. 1), suggesting a close match
between the up-regulation of PKR and subsequent PKR activity following chronic EtOH
exposure.

The protein expression of IFNy was increased also by 54% (#16) = 2.12; p<0.05) in rats
exposed to chronic EtOH compared to control rats (Fig. 2A4). Furthermore, to assess the
relationship of IFNy and p-PKR protein, linear regression analysis was performed from
western blot data of EtOH-treated Wistar rats. Indeed, a significant positive correlation was
found among EtOH-treated rats between the protein expression levels of IFNy and p-PKR
(Fig. 2B, R = 0.61; p<0.05), suggesting activation of IFNy by EtOH leads to an increase in
p-PKR protein expression. This indicates that the EtOH-dependent mechanism of PKR
induction is tightly coupled with IFN-y transcriptional effects which is also upregulated
following chronic alcohol exposure. Last, because p53 is a major downstream signaling
component of PKR activity (Williams, 1999), p53 protein expression was evaluated. Rats
that were exposed chronically to EtOH displayed a 58% increase in p53 compared to control
rats (Figure 2C; t(16) = 2.83; p< 0.02). These results suggest that, indeed, the IFNy-PKR-
p53 signaling cascade is activated by ~50% following chronic exposure to EtOH in rats and
provides evidence of a potential mechanism involving PKR on cell death that is associated
with exposure to EtOH.

Cellular and Sub-cellular Localization of PKR and p-PKR in Neuronal and Glial Cells in the
Rat Prefrontal Cortex

The expression of PKR/p-PKR in neuronal and/or glial cells in rat brain has not been
previously investigated with immunohistochemistry. Triple-labeling immunofluorescence
was performed (Fig. 3) using rat prefrontal cortex sections (from normal control rats and
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EtOH-treated rats). Figure 3A depicts cytoplasmic and nuclear localization of PKR (red) in
PFC of control rats. PKR signal is enhanced in PFC of EtOH-treated rats (Fig. 358). By
contrast, Fig. 3C illustrates subcellular localization of p-PKR (red) to nuclear compartments
of neurons (magenta) and astrocytes (green) in a punctate-like fashion, which is much more
abundant in EtOH-treated rats compared to control rats. This suggests a non-viral,
alternative function for the EtOH-induced nuclear translocation of p-PKR in neural cells, a
neuropathological feature of which has been documented in several neurodegenerative
disorders (Bando et al., 2005).

The Protein Expression of p-PKR is Elevated in EtOH-Exposed Mice and Correlated with
Age of Onset of EtOH Exposure

Previously, our group reported a negative correlation between age-of-onset of AUD and p-
PKR expression in human brain (Johnson et al., 2015). To determine whether this effect also
occurred in a rodent model of chronic EtOH exposure, we subjected mice at different ages to
chronic EtOH treatments and determined p-PKR expression. At all ages investigated, EtOH
increased the expression of p-PKR in homogenates of the frontal cortex of the C57/6J mice
(p<0.05, Fig. 4), which is consistent with results from rats (Fig. 1). A significant negative
correlation was found for the age at which mice were exposed to chronic EtOH treatment
and the protein expression of p-PKR (/¢ = 0.6513; p< 0.001). Interestingly, mice exposed
to control diet displayed a correlation coefficient R? of 0.2626 (p < 0.03). These data imply
that p-PKR expression decreases with age in rodents, while EtOH exposure augments
greater p-PKR in younger rodents according to age-of-onset. Similar to our finding in
humans (Johnson et al., 2014), a conserved feature of EtOH-mediated p-PKR expression is
dependent upon the age of onset of exposure to EtOH, where p-PKR expression is greater in
younger life and decreases with age This finding may explain why younger brains are more
vulnerable to EtOH-induced neuropathology compared to mature brains in later life.

PKR Overexpression Enhances EtOH-Induced Cell Death, but Inhibition of PKR Activity
Provides Neuroprotection Against EtOH Treatment in SH-SY5Y and U-1242MG Cells

Because EtOH has been demonstrated to up-regulate the PKR and this effect is thoroughly
documented to induce cell death apart from viral defense, we investigated the role of PKR
on cell viability in cells exposed to EtOH. To this end, cells were exposed to either a 2-day
EtOH treatment (150mM) only, EtOH treatment plus transfection of PKR expression vector,
or EtOH treatment plus PKRI administration, after which all cells were subjected to MTT
assay to determine the degree of viable cells following EtOH treatment compared to control,
non-treated cells. Following EtOH exposure, cell viability was reduced in SH-SY5Y
(61.9+3.77 vs 100+1.67; p<.001) and U-1242MG (67.1+3 vs 100+2.87; p<.001) cells by
39% and 33%, respectively, versus control cells (Fig. 5). However, EtOH-exposed cells
treated with PKRI enhanced cell viability in SH-SY5Y cells (77.6+£3.44 vs 61.93+3.77; p=.
005) by 25% and in U-1242MG cells (81.1+2.85 vs 67.1+-3; p=.002) by 21% compared to
EtOH-exposed cells without PKRI treatment (Fig. 5A4). Conversely, PKR overexpression
significantly decreased cell viability in EtOH-exposed SH-SY5Y cells (Fig. 55; 31.4+10.8
Vs 67.216.5; p=.006) by 53%, and in U-1242MG cells (Fig. 5C; 36.3+5 vs 69.5+2.36; p<.
001) by 37% compared to the EtOH-exposed cells, which were transfected with the empty
control vector (pCMV3.1). These findings highlight a role of PKR on cell viability under
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conditions of EtOH exposure, which suggests that PKR and downstream signaling
components have a potent effect on cellular homeostasis when insulted. Moreover, because
PKRI provided significant neuroprotection against EtOH, it may be considered a viable
candidate pharmacotherapuetic intervention to prevent EtOH-related brain injury.

DISCUSSION

EtOH exposure elicits a variety of mechanisms which culminate in aberrant, EtOH-inducible
signaling cascades leading to loss of cellular homeostasis and cell death. One of the key
molecular consequences of EtOH exposure is the production of ROS which occurs indirectly
and through the metabolism of EtOH itself (Wu and Cederbaum, 2003; Das and Vasudevan,
2007; Ou et al., 2010). As a high oxidative stress load is capable of inducing IFN+y (Lanzke
et al., 2007), which subsequently promotes the transcription of PKR (Pyo et al., 2008) and
results in cell death, we propose that EtOH-induced ROS accumulation is the driving force
underlying EtOH-induced upregulation of PKR (Fig. 6). Several studies have documented
elevated PKR expression in neurodegenerative diseases such as Huntington’s, Parkinson’s,
and Alzheimer’s diseases (Onuki et al., 2004; Peel, 2004; Bando et al., 2005; Morel et al.,
2009). The present study offers further evidence for a conserved EtOH-responsive feature
invovling PKR up-regulation in rodent models of chronic EtOH exposure. This study,
combined with our previous work demonstrating elevated PKR in human postmortem brain
of alcohol-dependent subjects, suggests that PKR is involved, to some degree, with the
neuropathological consequences of AUD. PKR may contribute to a neurobiological insult in
AUD in a manner comparable with other neurodegenerative diseases. Together, these results
justify further examination of PKR and PKR-related signaling pathways, which may
contribute to alcohol-induced brain injury in humans. As such, PKR is a possible candidate
for pharmacological intervention in cases of alcohol misuse.

This is the first study to investigate changes in PKR regulation in response to chronic EtOH
exposure in rats. The protein expression of PKR, p-PKR, p53, and the PKR-inducer, IFNy,
was markedly increased in the frontal cortex of rats exposed to a liquid EtOH diet for 28
days, a model for chronic use of EtOH. Moreover, a positive correlation was found between
expression levels of p-PKR and IFNvy, indicating that the transcriptional activator of PKR is
tightly coupled to its active isoform. These findings also further elucidate chronic EtOH-
responsive PKR signaling pathways, one of which subsequently activates p53. p53 is well
documented to induce multiple downstream pathways resulting in apoptosis and is also a
canonical EtOH-induced signaling regulator, which has been documented in rodents (Kuhn
and Miller, 1998; Chu et al., 2007) and cells (de la Monte et al., 2000). A major function of
p53 signaling is its ability to regulate ROS levels through activation of a third of H,O5-
inducible genes, suggesting that p53 has an imperative influence over the ROS response
(Desaint et al., 2004). Therefore, p53 up-regulation, mediated by EtOH-induced PKR
signaling, may serve as a key contributor to ROS production associated with EtOH exposure
and may likely elicit many other ROS-related secondary effects, which could collectively
result in cell death.

The role of PKR on EtOH-mediated neural cell death was further characterized in this study
by utilizing PKR overexpression vector and PKR inhibitor in both neuroblastoma
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(dopaminergic, SH-SY5Y) and glioblastoma (oligodendroglia, U-1242 MG) cell lines. In
both SH-SY5Y and U-1242MG cell lines, PKR overexpression decreased cell viability
following EtOH exposure compared to EtOH-only treated cells. Conversely, EtOH-treated
cells with concomitant administration of PKR inhibitor (0.5uM) ameliorated viability and
neuroprotection from EtOH, compared to EtOH-only treated cells. These data are supported
by previous studies indicating that treatment with PKRI yielded substantial neuroprotection
against EtOH-induced cell death in SK-N-MC and cerebellar granule cells (Chen et al.,
2006, Ke et al., 2009).

To further characterize EtOH-induced PKR expression, we performed a series of triple-
immunofluorescence labeling of PKR and p-PKR in rats exposed to chronic EtOH. PKR was
confined largely to the cytosol in both neurons and astrocytes in the frontal cortex of EtOH-
exposed rats. Furthermore, in EtOH-exposed rats, p-PKR-immunoreactivity was more
pronounced in the nuclei of neurons, and both nuclei and cytosol of astrocytes, as compared
to control rats. PKR expression displayed a uniform pattern of distribution, while p-PKR
appeared punctate-like within the nucleus. p-PKR displays punctate nuclear expression in
grey matter of individuals with neurodegenerative diseases (Peel, 2004; Bando et al., 2005),
suggesting that EtOH-induced nuclear p-PKR expression may be a preceding indication of
future neuropathology. Interestingly, PKR has also been detected endogenously in the
nucleus of cells and suggested to be involved in ribosome biosynthesis (Jeffrey et al., 1995).
Although PKR has been identified in both nuclear and cytoplasmic fractions, most functions
belonging to PKR occur in the cytoplasm; hence, the role of nuclear PKR after exposure to
EtOH remains unclear. However, several studies have attributed clinical and pathological
significance to nuclear PKR, which has been documented in tissues from patients with
Alzheimer and other neurodegenerative diseases (Peel, 2004). This may be of significance,
since nuclear translocation of p-PKR has been identified as a critical factor of neural cell
death in various neuropathologies (Bando et al., 2005). It also implicates other possible
functions of PKR, such as transcriptional regulation, outside of its known cytosolic roles.

A major finding from this study is that greater expression of p-PKR protein is associated
with an early age of onset of EtOH exposure in rodents. Previously, we discovered that p-
PKR protein was elevated to a higher level in human subjects with AUD who began drinking
chronically at younger vs. older ages (Johnson et al., 2015). Thus, mechanisms leading to
higher p-PKR expression may become exacerbated with early life exposure to EtOH, leading
to higher p-PKR expression and greater risk of brain injury in later life. Interestingly, p-PKR
expression was also significantly correlated with younger age in control rodents, suggesting
that p-PKR expression naturally declines with age. This may explain why younger brains are
more vulnerable to the pejorative biological effects of EtOH (Crews et al., 2000; De Bellis et
al., 2000), which are further augmented by PKR up-regulation in early life.

PKR has emerged as a novel pharmacotherapuetic target to prevent EtOH-related brain
injury, as determined in the current study and by the work done by many other laboratories.
The current study further demonstrates a conserved mechanism of PKR whereby EtOH
exposure elicits the up-regulation of the IFNy-PKR-p53 pathway in rodents in a manner
similar to AUD subjects (Johnson et al., 2015). Since the IFNy-PKR can be activated by
oxidative stress, it is a possibility that EtOH-related oxidative stress is a mechanism driving

Alcohol Clin Exp Res. Author manuscript; available in PMC 2017 November 01.
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the changes we have observed in this study (Fig. 6). In addition, several studies have
documented dysfunctions in protein synthesis associated with EtOH exposure (Hong-Brown
et al., 2001; Lang et al., 2001). Due to its predominant role in inhibiting protein synthesis,
PKR could be culpable for the effects seen in these studies. Although further studies to
outline the intricacies of the EtOH-responsive effect of PKR and subsequent signaling
aberrations are justified, PKR may serve as a potential pharmacological target to disengage
downstream molecular events from the pathological effects of EtOH.
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Figure 1. Chronic ethanol (EtOH) exposureincreased the expression of PKR and p-PKR in the

frontal cortex of rats

Rats were fed EtOH or control liquid diets over 28 days and the protein expression of PKR
and p-PKR were evaluated. (A) Representative immunoblot depicting PKR, p-PKR, and
actin bands from control and EtOH-treated rats. (B) Expression of PKR was significantly
increased in EtOH-treated rats compared to EtOH-preferring control rats. (C) Expression of
p-PKR was significantly increased in EtOH-treated rats compared to EtOH-preferring
control rats. Data presented as mean+SEM; *p<.05.
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Figure 2. Interferon-gamma and p53 are increased by chronic ethanol (EtOH) exposurein the

frontal cortex of rats

Rats were fed EtOH or control liquid diets over 28 days and the protein expression of IFNy
and p53 were evaluated. (A) Expression of IFN-y was significantly elevated in EtOH-treated
rats compared to control rats. (B) The protein expression of IFNy is positively correlated
with p-PKR (C) Expression of p53 was significantly elevated in EtOH-treated rats compared
to control rats. Upper Panels in A and C: Representative western blot showing
immunolabeling in control and EtOH-treated rats. Lower Panels in A and C: Quantitative
graph of average optical density ratios in the EtOH-preferring control (#=9) and EtOH-fed
(m=9) groups. Data presented as mean+SEM; *p<.05.
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Figure 3. Cellular and subcellular localization of PKR and p-PKR in neurons and astrocytes
Representative photomicrographs obtained from the pre-frontal cortex (PFC) to demonstrate

the cellular distribution of PKR/p-PKR (red) immunoreactivity. The cell nucleus was
counterstained by DAPI (blue). The astrocytes were labeled by GFAP immunoreactivity (IR)
(green) and neurons were labeled by NeuN IR (magenta). (A) PKR IR distribution in PFC of
rats fed with control diet depicting PKR localization to the cell nucleus; (B) PKR IR
distribution in PFC of EtOH-treated rats depicting enhanced PKR localization to both
nuclear and cytosolic compartments compared to control rats; (C) p-PKR IR distribution in
PFC of rats fed with EtOH diet depicting p-PKR localization to the nucleus of neurons and
both cytosol and nucleus in astrocytes.
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Figure 4. Phosphorylated PKR protein expression is correlated with age of onset of chronic
ethanol (EtOH) exposurein rodents

Control mice and EtOH-treated mice were assessed for p-PKR expression at various ages.
Mice were exposed to EtOH beginning at 1, 4, or 9 months and were fed EtOH according to
the Lieber-DeCarli diet for 28 days. p-PKR expression was measured thereafter and was
negatively correlated with age of onset of EtOH exposure, with the youngest mice (1 mo.
old) having the greatest p-PKR expression, which decreased with age at the time of EtOH
exposure. Control mice also showed a negative correlation with respect to age and p-PKR
expression. *p < 0.05 vs. control
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A PKR Inhibitor Increases Cell Viability
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Figure5. PKR isinvolved in ethanol (EtOH)-induced cell death
SH-SY5Y and U-1242MG cells were exposed to EtOH for 2 days. Subgroups of EtOH-

exposed cells were transfected to overexpress PKR, or treated with a PKRI for the duration
of EtOH exposure. (A) EtOH decreases cell viability in both SH-SY5Y and U-1242 cells,
but concomitant PKRI administration significantly alleviates loss of cell viability induced by
EtOH. (B) SH-SY5Y cells which overexpress PKR result in a significant loss of cell
viability compared to EtOH-treated cells. pPCMV empty vector was used as a transfection
control vector. (C) Similarly, U-1242MG cells which overexpress PKR result in a significant
loss of cell viability compared to EtOH-treated cells. pPCMV empty vector was used as a
transfection control vector. All data presented as mean+SEM; p*<.05; **p<.01; #p<.001.
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Figure 6. Proposed ethanol (EtOH)-induced PKR signaling
The accumulation of EtOH-induced reactive oxygen species (ROS) elevates IFN-y

expression which drives the transcription of PKR at IFN-y Activating Sequence (GAS)
elements. IFN-vy also phosphorylates PKR through direct mRNA binding to the regulatory
subunit. PKR transcription can also be controlled by Sp1-like transcription factors through
Spl binding sites. Activated p-PKR can translocate to the nucleus and also induces
phosphorylation of eukaryotic translation initiation factor 2a., which inhibits protein
translation, leading to cell death. pPKR also increases p53 which causes increased oxidative
stress and cell death.
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