




in vitro model to assess excitatory neuronal damage associated with
EW. Among four isoforms of p38 (p38a, b, g, and d), p38a is
ubiquitously and significantly expressed in most cell types (reviewed
by Cuadrado and Nebreda, 2010) and in human brains (Wang et al.,
1997). p38a is particularly responsive to stressful stimuli (Han et al.,
1994) including stress associated with glutamate (Sun et al., 2003;
Xing et al., 2015) and EW (Jung et al., 2011). Thus, we focused on p38a
among the four isoforms and used 1 mM of SB203580 since it is a
selective p38a/b inhibitor at a dose of 1–5 mM (Mihara et al., 2008).
HT22 cells were cultured in flasks until they reached 70% confluence,
according to a method stablished by Perez et al. (2005). The cells were
grown inDulbecco’smodified Eagle’smedium supplemented with 10%
charcoal-stripped fetal bovine serum (HyClone, Logan, UT) and
gentamicin (50 mg/ml) at 37°C in an atmosphere containing 5% CO2.
HT22 cells were then exposed to ethanol (0 or 100 mM) for 20 hours
followed by the removal of ethanol solution to createwithdrawal stress
for 4 hours. This cycle was repeated once more as was the case for EW
in rats. The treatment with MK-801, SB203580, or DAPT was
restricted to EW phases to focus on EW stress. Separately, ethanol-
free HT22 cells were treated with glutamate (3 mM) for 24 hours with
or without SB203580 or DAPT treatment to determine whether
glutamate (Sigma Aldrich) treatment alone resembles EW stress.

Immunoblotting. The immunoblotting method was used to as-
sess the effects of EW on the expression of PS1, p38a, and PS1-
activated molecules (NICD and HES1) in rat prefrontal cortex. This
brain area and hippocampus are known to be sensitive to the
damaging effect of excessive glutamatergic neurotransmission,
chronic ethanol, and EW (Morgan et al., 1992; Fadda and Rossetti,
1998). On the last day of the EW paradigm, the prefrontal cortex was
collected from rats, and added to lysis buffer. The sample was then
sonicated and an aliquot was used to determine protein concentration
using the Bradford protein assay (Biorad, Hercules, CA). Another
aliquot was combined with an equal volume of loading buffer, electro-
phoresed in 10% SDS-PAGE, and then transferred onto a polyvinyli-
dene fluoride membrane. Nonspecific binding sites were blocked with
5% fat-free milk. The blot was washed in Tris-buffered saline/Tween
20 and probed overnight with a mouse polyclonal antibody against
PS1 (EMD/Millipore) and NICD (Abcam), or a rabbit monoclonal
antibody against phosphor-p38a (an active form of p38a) (Abcam) and
HES1 (Abcam). The blot was then washed and incubated with
horseradish peroxidase–conjugated secondary antibodies (Jackson
Immuno Research, West Grove, PA) for 1 to 2 hours at room
temperature. Bands were detected using the UVP (Upland, CA)
western blotting luminescence system and quantified by an image
densitometer. Immunoblotting for b-actin (Santa Cruz) was carried
out as positive and loading controls. For the immunoblotting of HT22
cells, the same aforementioned immunoblotting procedures were
applied with the exception that cells were collected and combined
with radio-immunoprecipitation assay lysis buffer (150 mM NaCl,
1.0% octylphenoxypolyethoxyethanol, 0.5% sodium deoxycholate,
0.1% SDS, and 50 mM Tris, pH 8.0; Sigma Aldrich) and subsequently
sonicated (30 seconds). Protein concentration was determined as
previously mentioned. Samples were then mixed with an equal
volume of Laemmli sample buffer, heated (100°C, 10 minutes), and
loaded into BioRad precast gel.

Real-Time Polymerase Chain Reaction (PCR). The real-time
PCR assaywas conducted to determine whether EWaffects PS1 at the
transcriptional level by measuring the mRNA level of PS1 in EW rats.
Total RNA was isolated from the prefrontal cortex of rats using Trizol
(Valencia, CA) reagent, following the manufacturer’s instructions.
RNA was converted to cDNA by adding random primers and
Superscript III reverse transcriptase (Thermo Fisher, Waltham,
MA). cDNA was then quantified using Agilent 2100 bioanalyzer
(Agilent Technologies, Santa Clara, CA). The real-time PCR was
conducted to analyzemouse PS1 gene expression using anABI PRISM
7000 (Thermo Fisher) sequence detection system with TaqMan
primers (Thermo Fisher). Primer sequences were as follows: for PS1
forward, 59-GCGGCGGGGAAGCGTATACC-39; for PS1 reverse, 59-

GGCCAAGCTGTCTAAGGACCGC-39. Quantitative polymerase
chain reaction (q-PCR) reactions were performed as follows: 50°C for
2 minutes and 95°C for 10 minutes, followed by 40 cycles of 95°C for
15 seconds and 60°C for 1 minute. Glyceraldehyde-3-phosphate
dehydrogenase was used as an internal control gene. The cycle
threshold (Ct) values were calculated with SDS software version 2.3
(Thermo Fisher), using automatic baseline settings and a threshold of
0.2. The comparative Ct method was used to calculate the relative
mRNA expression. The Ct value of glyceraldehyde-3-phosphate de-
hydrogenase was also measured and subtracted from the correspond-
ing Ct value for the PS1 gene to calculate the DCt value.

Calcein-Acetoxymethyl (AM) Ester Viability Assay. The
physiologic significance of PS1 expression was assessed by determin-
ing the effect of g-secretase inhibitor DAPT on cell viability. This
approach is based on the rationale that PS1 is a core component of
g-secretase, and a lack of PS1 dramatically drops the enzymatic
activity (De Strooper et al., 1998). Therefore, using DAPT allows
determining whether PS1 affects cell viability through its g-secretase
function. The membrane-permeant calcein-AM ester dye (Invitrogen,
Carlsbad, CA) was used to measure cell viability. Calcein-AM is a
fluorogenic esterase substrate that permeates live cells that have
esterase activity and membranes. Once hydrolysis of calcein-AM by
intracellular esterases begins, it produces calcein, a strongly fluores-
cent compound that is retained in the cell cytoplasm. Briefly, HT22
cells received the aforementioned ethanol program. DAPT (10 mM)
was applied to the cells during EW. The cells were then treated with
calcein-AM for 30 minutes. Separately, HT22 cells were treated with
glutamate (3 mM) for 24 hours with or without DAPT cotreatment.
After the removal of the medium from the 96-well cell plates, the cells
were rinsed once with phosphate-buffered saline, and incubated in
phosphate-buffered saline solution containing 2.5 mM calcein-AM.
Twenty minutes later, fluorescence was determined using a BioTek
FL600microplate reader (BioTek Instruments, Winooski, VT) with an
excitation/emission filter set at 495/515 nm. Cell culture wells treated
with methanol served as blanks. For the imaging of cell viability,
separateHT22 cells were treated with vehicle or ethanol as previously
described. At 4 hours of EW, cell culture plates were placed on the
fluorescent microscope platform. The images of live cells with
fluorescent color were taken at a magnification of 20�. Since cell
lines often do not accurately replicate the signaling environment in
primary tissues, we separately used cortical primary neurons for the
calcein assay to ensure that the toxic effect of EW on HT22 cells is
replicated in primary neurons. Briefly, primary neurons from day
14 embryos of Sprague-Dawley rats were cultured on cell plates at a
density of 20,000–60,000 cells per well. The plates had been coated
with poly-D-lysine. The neurons grew for 8 days in a neurobasal
medium, supplemented with B27, 2 mM L-glutamine, penicillin
(100 U/ml), streptomycin (0.1 mg/ml), and 10% fetal bovine serum
before experiment. Neurons were maintained at 37°C in a humidified
incubator containing 5% CO2. Some neurons were exposed to 50 or
100 mM ethanol for 20 hours and then ethanol solution was removed
for 4 hours per cycle for two cycles. The neuronswere then treatedwith
calcein for 30 minutes and measured for viability.

Glutamate Concentrations. The total levels of extracellular
and intracellular glutamate were measured using the fluorometric
glutamate enzyme-linked immunosorbent assay method (Abcam,
Cambridge, United Kingdom) (Amrani et al., 2014; Wakabayashi
et al., 2014). Briefly, cortical tissues from ethanol-withdrawn or
control diet rats were homogenized in 100 ml of assay buffer.
The supernatant was extracted by centrifugation (4°C, 13,000 rpm,
5 minutes). Perchloric acid was added to remove any interfering
proteins. Samples and reaction reagents were then pipetted into a
96-well plate, and incubated at 37°C for 30 minutes. Fluorescence
intensity was measured at 450 nm on a chromate absorbance plate
reader. The glutamate concentrations were determined based on the
protein content measured using the bicinchoninic acid assay (Thermo
Scientific). Separately, HT22 cells at the end of the EWparadigmwere
washed with cold phosphate-buffered saline and suspended in cold
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assay buffer. Cells were homogenized via a pipette and centrifuged
(4°C, 13,000 rpm, 5minutes) to remove insolublematerial. Supernatant
was collected, transferred to a tube in ice, and then plated in a 96-well
clear microplate for fluorescence intensity on a chromate plate reader.

Data and Statistical Analysis. All numerical data are expressed
asmean6 S.E.M. For two-group comparisons, we used the Student’s t
test. For three-group comparisons (with one factor) and four-group
comparisons (with two factors), we used one- and two-way analysis of
variance, respectively, followed by Tukey post hoc analysis. For
immunoblot data, each assay was repeated three or four times using
multiple samples (N 5 3–7). Data with the clearest band images
were selected for statistical analysis and presented in figure sections

presenting immunoblot images. The results of cell viability, obtained
in relative fluorescent units, were expressed as the percentage data
relative to nonethanol, control media values at 100%. The P value was
set at less than 0.05 to indicate a statistically significant difference
between groups.

Results
Ethanol Consumption, Blood Ethanol Concentra-

tions, and Body Weight. In general, rats drink the small
amount of ethanol during the first week because they are

Fig. 2. Ethanol consumption, blood ethanol concentrations, and body weight. Male rats aged 3 months received an ethanol diet (7.5% v/v ethanol) for 4
weeks, followed by withdrawal for 3 weeks per cycle for two cycles. Dextrin replaced ethanol for a control diet. Ethanol consumption (N = 7 rats/group)
(Fig. 2A) was measured once a day, and body weight (N = 7 rats/group) (Fig. 2B) was measured twice a week. Data are the average of weekly ethanol
consumption or body weights. Blood ethanol (N = 3 rats/group) (Fig. 2C) was measured using colorimetric assay at the time of euthanasia. There were no
significant differences in ethanol consumption, body weights, or blood ethanol concentrations between the EW and ethanol-consuming groups.

Fig. 3. Effects of EW on PS1 and p38a in rats. Male rats aged 3 months received an ethanol diet (7.5% v/v ethanol) for 4 weeks, followed by withdrawal
for 3 weeks per cycle for two cycles. Dextrin (control) replaced ethanol for a control diet. On the following morning, rats in the EW group were humanely
sacrificed and the prefrontal cortex was collected to measure PS1 protein (A), PS1 mRNA level (B), and p38a protein (C). Rats in the ethanol-consuming
group received an ethanol diet continuously and were sacrificed at the end of ethanol exposure while they were intoxicated (A). b-actin was measured as
a loading control for all proteins. Compared with control diet rats, all of the PS1 protein (**P, 0.0001), PS1mRNA (*P, 0.0001), and p38a protein (*P =
0.0084) levels were elevated in EW rats. The level of PS1 protein was also elevated in ethanol-consuming rats (*P, 0.001); *, ** versus control; N = 3–7
rats/group.
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learning the taste of an ethanol diet. Figure 2A shows the daily
ethanol intakes that were normalized to body weights (Fig.
2B) during each diet cycle. There were no significant differ-
ences in ethanol consumption or body weights between the

EW and ethanol-consuming groups. Blood ethanol concentra-
tions (Fig. 2C) were 1.02 6 0.06 mg/ml in the EW groups and
0.99 6 0.04 mg/ml in the ethanol-consuming groups. Blood
ethanol was not detected in the dextrin group.

Fig. 4. Effects of glutamate antagonist MK-801 or
glutamate on PS1 and p38a. HT22 cells were exposed to
ethanol (0 or 100 mM) for 20 hours and withdrawn for
4 hours per cycle for two cycles. MK-801 (1 mM) was
applied to cells during each of the 4-hour EW phases. The
cells were then collected and proteins were isolated to
measure PS1 and p38a protein using the immunoblot
method. b-actin was used for a loading control. MK-801
treatment significantly lowered PS1 (*P = 0.043) and p38a
(*P , 0.0001) protein in EW cells (A and B) but not in
control cells (C and D). Separately, HT22 cells were
exposed to glutamate (3 mM) for 24 hours. The cells were
then collected and proteins were isolated to measure PS1
and p38a protein using the immunoblot method. Com-
pared with control cells, glutamate-treated cells show a
substantial increase in the level of PS1 protein (*P ,
0.0001) and p38a protein (*P, 0.0001) (E and F); * versus
control or EW + MK-801; N = 4 cell culture plates/group.
Separately, glutamate concentrations were measured in
the aforementioned ethanol-withdrawn cortical tissues
and HT22 cells using the fluorometric enzyme-linked
immunosorbent assay. The total level of glutamate
(intracellular and extracellular) concentrations were
elevated in ethanol-withdrawn cortical tissues (*P =
0.0033) and HT22 cells (*P = 0.0013) (G and H);N = 4 rats
or 7 wells/group.
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EW Increases PS1 and p38a in the Prefrontal Cortex
of Rats. Compared with control diet rats, rats in the EW (P,
0.0001) and ethanol-consuming (P, 0.001) groups showed an
increase in PS1 protein [F (2, 23) 5 26.39, P , 0.0001] (Fig.
3A). The PS1 protein level tended to be higher in the EWgroup
than in the ethanol-consuming group, but the difference was
not statistically significant. Ethanol-withdrawn rats also
showed an increase in mRNA (t 5 10.08, df 5 12, P ,
0.0001) level of PS1 compared with control diet rats (Fig.
3B). The increase in PS1 in ethanol-withdrawn rats concurred
with an increase in p38a protein compared with control diet
rats (t5 6.761, degrees of freedom (df)5 10, P5 0.0084) (Fig.
3C). The increasing effect of EW on p38a in prefrontal cortex is
consistent with previous observations that EW increases p38a
in cerebellum (Jung et al., 2011; Ju et al., 2012). These results
raise the possibility that EW-induced PS1 expression may
depend on p38a.
Glutamate Mediates PS1 and p38a Expression in

Ethanol-Withdrawn HT22 Cells. Glutamate is a major
excitatory molecule that is known to be upregulated upon
EW stress. Given this, we hypothesized that glutamate
mediates the increase in PS1 and p38a in EW rats. We tested
this hypothesis using a glutamate receptor antagonist (MK-
801) or glutamate itself. We selectedMK-801, an antagonist of
the subtype N-methyl-D-aspartate (NMDA) receptor of gluta-
mate receptors because EW-associated toxicity is often attrib-
uted to the excessive stimulation of NMDA receptors (Morgan
et al., 1992; Hoffman and Tabakoff, 1994). When HT22 cells
were treated with MK-801 during EW, they showed a lower
level of PS1 (P5 0.043) [F (1, 21)5 6.27, P5 0.01 by a factor of
EW; F (1, 21) 5 7.647, P 5 0.0116 by a factor of MK-801] and
p38a (P , 0.0001) [F (1, 24) 5 134.1, P , 0.0001 by a factor of
EW; F (1, 24) 5 29.33, P , 0.0001 by a factor of MK-801]
compared with EW cells treated with vehicle (Fig. 4, A
and B). MK-801 treatment to ethanol-free HT22 cells did not

significantly alter the level of PS1 or p38a (Fig. 4, C and D).
These data indicate that glutamate mediates the increased
expression of PS1 and p38a during EW stress. If glutamate
mediates EW effects on PS1 or p38a, glutamate treatment
alone may resemble such effects of EW. Thus, we treated
ethanol-free HT22 cells with glutamate for 24 hours. We
observed a profound increase in PS1 (t 5 18.81, df 5 15, P ,
0.0001) and p38a (t 5 6.345, df 5 10, P , 0.0001) protein
expression in glutamate-treated HT22 cells compared with
vehicle-treated control cells (Fig. 4, E and F). We next
determined whether EW or glutamate increases glutamate
production in cortical tissues and HT22 cells. We found that
compared with control conditions, the total level of glutamate
(intracellular and extracellular) concentrations were elevated
in ethanol-withdrawn cortical tissues (t 5 3.53, df 5 14, P 5
0.0033) and HT22 cells (t5 5.65, df5 6, P5 0.0013) (Fig. 4, G
and H). These results suggest that glutamate mediates the
upregulation of PS1 and p38a in response to EW stress.
EW or Glutamate Increases PS1 Expression through

p38a in HT22 Cells. The concurrence of PS1 and p38a in
EW cells or glutamate-treated cells led us to explore
whether PS1 is mechanistically linked to p38a in response
to the excitotoxic effect of EW. To dissect the PS1-p38a
link, we applied p38a inhibitor SB203580 (1 mM) to HT22
cells during each of the EW phases. Separately, we exposed
ethanol-free cells to glutamate with or without cotreat-
ment with p38a inhibitor SB203580. This cotreatment
significantly lowered PS1 expression in both EW cells (P 5
0.015) (Fig. 5A) [F (1, 25) 5 209, P , 0.0001 by a factor of
EW; F (1, 25) 5 12, P 5 0.0016 by a factor of SB203580, no
interaction between two factors] and glutamate-treated
cells (P 5 0.0043) (Fig. 5B) [F (1, 15) 5 20.80, P 5 0.0004
by a factor of glutamate; F (1, 15) 5 8.178, P 5 0.0119
by a factor of SB203580, no interaction between two
factors]. Unexpectedly, SB203580 treatment to control cells

Fig. 5. Effects of p38a inhibitor SB203580 on PS1. HT22 cells were exposed to ethanol (0 or 100mM) for 20 hours and withdrawn for 4 hours per cycle for
two cycles. SB203580 (1 mM) was applied to cells during each of the 4-hour EW phases. Separately, HT22 cells were exposed to glutamate (3 mM) for
24 hours with or without cotreatment with SB203580 (1 mM). Cells were then collected and proteins were isolated to measure PS1 protein using the
immunoblot method. b-actin was used for a loading control. EW (*P = 0.0001, 5A) or glutamate (*P = 0.0018, 5B) treatment increased PS1 expression in a
manner that was attenuated by SB203580 cotreatment. †P = 0.015 versus EW, †P = 0.0043 versus glutamate. N = 4 cell culture plates/group. Some
statistical symbols are omitted for clarity.
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appeared to increase PS1 level compared with vehicle-
treated control cells (P , 0.05). Nevertheless, the
decreasing effect of SB203580 on PS1 during EW sup-
ports the idea that PS1 expression is a p38a-dependent

molecular activity associated with the hyperactive stimu-
lus nature of EW.
EW or Glutamate Increase NICD and HES1. We

further characterized the downstream molecular activity that

Fig. 6. Effects of EW or glutamate on NICD and
HES1. Male rats aged 3 months received an ethanol
diet (7.5% v/v ethanol) for 4 weeks followed by
withdrawal for 3 weeks per cycle for two cycles.
Dextrin replaced ethanol for a control diet. At the
end of the EW paradigm, rats were humanely
sacrificed and the prefrontal cortex was collected to
measure NICD and HES1 protein (A and B) using the
immunoblot method. b-actin was measured as a
loading control. Compared with control diet rats, both
NICD (*P , 0.001) and HES1 (*P = 0.007) (A and B)
levels were elevated in EW rats. * versus control.N = 3
or 4 rats/group. Separately, HT22 cells were exposed to
glutamate (3 mM) for 24 hours with or without
cotreatment with p38a inhibitor SB203580 (1 mM) or
g-secretase inhibitor DAPT (10 mM). The cells were
then collected and proteins were isolated to detect
NICD and HES1 protein using the immunoblot
method. b-actin was used for a loading control.
Glutamate treatment resulted in an increase in NICD
(*P , 0.0001) (C) and HES1 (*P , 0.005) (D).
SB203580 treatment significantly lowered both NICD
(†P = 0.0056) and HES1 (†P = 0.009) protein levels in
glutamate-treated cells (C and D). DAPT cotreatment
with glutamate also lowered NICD (†P = 0.0135) and
HES1 (†P , 0.0001) expression (E and F). N = 4 cell
culture plates/group. Some statistical symbols are
omitted for clarity.
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is triggered by PS1 during EW in rats. Notch is a trans-
membrane receptor family that mediates cell-to-cell commu-
nication and is cleaved by the g-secretase activity of PS1.Upon
the cleavage, the intracellular domain of Notch receptors
enters the nucleus and activates a transcription factor
HES1, which is thought to regulate gene expression (reviewed
by Tandon and Fraser, 2002). Since PS1 expression is in-
creased in EW rats (Fig. 2A), it is reasonable to speculate that
the expressions of NICD and HES1 are also increased in EW
rats.We indeed observed that ethanol-withdrawn rats showed
an increase in both NICD (t 5 4.709, df 5 10, P , 0.001) and
HES1 (t 5 3.932, df 5 22, P 5 0.007) (Fig. 6, A and B). This
effect of EW was mimicked by glutamate such that glutamate
treatment to ethanol-free cells increased NICD (P , 0.0001)
and HES1 (P , 0.005) expression (Fig. 6, C and D). The
glutamate-induced increase in NICD (P 5 0.0056) and HES1
(P 5 0.009) was attenuated by cotreatment with the p38a
inhibitor SB203580 (Fig. 6, C and D) [F (2, 20)5 3.9, P5 0.06
forNICD; F (2, 20)5 27,P, 0.0001 forHES1]. The glutamate-
induced increase inNICD (P5 0.0135) andHES1 (P, 0.0001)
was also attenuated by cotreatment with the g-secretase
inhibitor DAPT (Fig. 6, E and F) [F (2, 21) 5 6.107, P 5
0.0081 for NICD; F (2, 21) 5 13.28, P 5 0.0002 for HES1].
These results suggest that PS1-mediated Notch signaling
molecules (NICD and HES1) may be involved in the excitotox-
icity of EW in a manner that depends on p38a or g-secretase.

g-Secretase Inhibitor Reduces the Excitotoxic Ef-
fects of EW or Glutamate. PS1 is a main component of
g-secretase, and thus we determined the physiologic signifi-
cance of PS1 overexpression by measuring the effect of the
g-secretase inhibitor DAPT on cell viability. Compared with
the control HT22 cells, the EW cells showed lower viability
(P, 0.0001) in a manner that was ameliorated by DAPT (P5
0.0003) treatment (Fig. 7A) [F (1, 58)5 20.00, P, 0.0001 as a
factor of EW; F (1, 58)5 12.41,P5 0.0008 as a factor of DAPT].
In the microscopic examination of cell viability (Fig. 7D), the
EW cell group showed much less green fluorescent color
compared with the groups of control, EW with DAPT, and
control with DAPT. Only intact cells can hydrolyze calcein-AM
by intracellular esterases, producing calcein (a strongly
fluorescent compound), indicating that EW-induced cytotox-
icity is attenuated by DAPT treatment. Similar to the case for
EW, glutamate decreased cell viability (P 5 0.0006) in a
manner that was ameliorated by DAPT (P 5 0.045) cotreat-
ment (Fig. 7B) [F (1, 58) 5 19.15, P , 0.0001 as a factor of
glutamate; F (1, 58) 5 11.7, P , 0.0001 as a factor of DAPT].
We finally assessed whether EW-induced HT22 cell death is
reproduced in cortical primary neurons. We observed that EW
inhibited the viability of the primary neurons [F (2, 12) 5
146.1, P, 0.0001]. Thus, 77%6 7% and 57.6%6 1.7% of cells
survived from EW after exposure to 50 mM (P , 0.001) and
100 mM (P , 0.0001) of ethanol, respectively (Fig. 7C). These

Fig. 7. Effects of g-secretase inhibitor DAPT on cell viability. HT22 cells were exposed to ethanol (0 or 100 mM) for 20 hours and withdrawn for 4 hours
per cycle for two cycles. g-secretase inhibitor DAPT (10 mM) was applied to HT22 cells during each of the 4-hour EW phases. At the end of the EW
paradigm, cell viability was assessed using calcein-AM assay. Separately, HT22 cells were exposed to glutamate (3 mM) for 24 hours with or without
DAPT cotreatment, and then tested for cell viability. Compared with control cells, the cell viability was reduced under the condition of EW (P , 0.0001)
(A) or glutamate (P = 0.0006) (B) in a manner that was mitigated by DAPT treatment. The microscopic examination of cell viability (D) showed a strong
green fluorescent color in control cells with or without DAPT treatment. By comparison, the fluorescent color is much less visible in the EW cell group, a
phenotype reversed by DAPT treatment to EW cells; * versus control; † versus EW (P = 0.0003) or glutamate (P = 0.045). Some statistical symbols are
omitted for clarity. (C) Effect of EW on the viability of cortical primary neurons that received the aforementioned EW paradigm. Similar to HT22 cells,
EW reduces the viability of cortical primary neurons. *P , 0.001 and **P , 0.0001 versus control (0 mM ethanol).
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results indicate that the overexpression of PS1may contribute
to excitotoxic cell damage through its g-secretase function.

Discussion
The key finding of the current study is that EW provokes

PS1 upregulation through p38a activation in a manner
mediated by glutamate. Furthermore, a g-secretase inhibitor
ameliorates the toxic effect of EW or glutamate. These
observations provide first empirical evidence that PS1 con-
tributes to the excitotoxic stress associated with EW.
PS1 is at the catalytic core of g-secretase that catalyzes

neurotoxic Ab peptide (Ab42) production. PS1 exerts multi-
functional effects on the brain through interacting with
signaling and apoptotic proteins (Ni et al., 2001; De Strooper
and Annaert, 2001). The homeostatic level of the interacting
proteins is essential for cellular survival. Therefore, the
aberrant or overexpression of PS1 and its interactive pro-
teins may endanger cell survival. Jun-NH2-terminal-kinase
(MAPK) inhibition repressed PS1 transcription (Das et al.,
2012), suggesting that jun-NH2-terminal-kinase/MAPK inter-
acts with PS1. p38 is another MAPK activated by stress such
as inflammatory cytokines and heat stress. An earlier study in
which p38a expression was increased by EW (Jung et al.,
2011) prompted us to test whether EW increases PS1 as a
mediator of excitotoxicity. We observed that EW increased
PS1 protein and mRNA levels, accompanied by p38a increase.
The concurrence of p38a and PS1 suggests that these two
proteins are connected to the excitotoxic pathway.
We found a consistent tendency that an increase in PS1 is

more prominent under EW than ethanol exposure. EW is
hyperexcitatory in nature, and thus the PS1 increase may
reflect the role of PS1 in hyperexcitatory stress. It should be
noted that the brains of ethanol-withdrawn rats were col-
lected 3 weeks after ethanol removal. Therefore, the PS1
upregulation may be involved in EW mechanisms rather
than the residual effect of ethanol exposure. The upregulation
of excitatory molecule glutamate is a well-established
mechanism mediating the hyperexcitatory nature of EW
(Prendergast et al., 2004). Glutamate binds to metabotropic or
ionotropic glutamate receptors that are coupled with intra-
cellular G proteins or form an ionic channel, respectively. In
many cases, EW-associated toxicity is associated with the
excessive stimulation of the NMDA receptor, an ionotropic
glutamate receptor (Morgan et al., 1992;Hoffman andTabakoff,
1994; Thomas et al., 1998). When cells were treated with a
NMDA antagonist (MK-801) during EW, both PS1 and p38a
expressions were decreased. These results substantiate that
glutamate triggers EW-induced PS1and p38a expression.
Should glutamate mediate the PS1 increase in ethanol-
withdrawn rats, glutamate treatment to ethanol-free cells
would produce a similar effect to EW. As expected, there was a
substantial increase in PS1 and p38a in ethanol-free cells
treated with glutamate. Hence, one can argue that the over-
expression of PS1 accompanied by p38a during EW is an
excitatory molecular activity triggered by glutamate. In fact,
the role of p38 in glutamate toxicity has been reported by
Kawasaki et al. (1997), who observed that glutamate-treated
cerebellar granule cells underwent apoptosis in amanner that
was attenuated by a p38a inhibitor.
The increase in PS1-mRNA in ethanol-withdrawn rats

suggests that EW affects PS1 at the level of transcription. It

is also possible that EW affects PS1 through other proteins.
The stability of presenilin proteins depends on its post-
translational modification by phosphorylation (Walter et al.,
1999; Fluhrer et al., 2004;Massey et al., 2004). Being a kinase,
p38a may phosphorylate, stabilize, and increase the level of
PS1 available for mediating downstreammolecular activities.
Such functional interaction between p38a and PS1 appears to
be evoked by the hyperactivity of neurons as seen in our
results that p38a inhibitor attenuates the increasing effect of
EW or glutamate on PS1. A puzzling result of our study is that
p38a inhibitor treatment to control cells appeared to increase
PS1 level. This is opposite to the decreasing effect of a p38a
inhibitor on PS1 in EW/glutamate-treated cells. A potential
explanation is that p38a inhibitor treatment to control cells
lowers p38a below a normal level. Cells may sense that this
level of p38a is too low tomaintain the physiologic level of PS1,
resulting in a rebound increase in PS1. The PS1-p38 link is
supported by a different model of central nervous system
pathology. Excessive Ab peptide imposed stress to actin
fibers through p38a activation (Song et al., 2002). p38a
was significantly activated in the cortex of demented mice
aged 7 or 12 months (Savage et al., 2002), accompanied by Ab
peptide deposition (Savage et al., 2002). Since PS1 mediates
Ab production, these studies provide indirect evidence of the
p38a-PS1 link. Mice carrying mutated PS1 genes exhibit a
high level of phosphorylated p38a in the hippocampus, further
supporting the PS1-p38 link (Giraldo et al., 2014). A presenilin
homolog induces apoptosis in a manner blocked by p38a
inhibition (Sun et al., 2001), suggesting that p38a and
presenilin interaction mediates the reduced cell viability.

Fig. 8. The hypothetical pathway of the excitotoxic effects of EW. In this
study, EW as well as glutamate treatment to ethanol-free cells increased
p38a, PS1, NICD, andHES1 expression. MK-801 (a glutamate antagonist)
treatment inhibited EW-induced increase in p38a and PS1, suggesting
that glutamate mediates the p38a and PS1 expression. SB203580 (a p38a
inhibitor) treatment inhibited EW/glutamate-induced PS1 expression,
suggesting that p38a mediates the PS1 expression. EW provoked an
increase in NICD and HES1 expression. This effect of EW was reproduced
by glutamate treatment to ethanol-free cells, a phenomenon that was
attenuated by SB203580 or DAPT (g-secretase inhibitor). DAPT treat-
ment ameliorated EW/glutamate-induced reduced cell viability, suggest-
ing that the g-secretase function of PS1 mediates the cell death. These
data suggest that the sequential or concerted activities of p38a, PS1,
NICD, and HES1 may mediate excitotoxic stress involving glutamate in
response to EW.
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PS1 cleaves many transmembrane proteins, and later these
cleaved fragments are transported to the nucleus where they
interact with transcription factors. This signaling pathway
regulates the transcription of crucial genes for neuronal
survival and function. Notch receptors (Notch 1–4) are trans-
membrane proteins that enable the Notch pathway to trans-
duce signals between neighboring cells. Notch signaling
mediates different intercellular communications that are
essential for determining neuronal fate during development
and in the adult. PS1 as a component of g-secretase cleaves the
intracellular domain of the Notch receptors, releasing NICD
into the cytoplasm. Thereafter, NICD translocates to the
nucleus where it forms an active transcriptional complex with
the DNA-binding protein, activating transcription factors
(Weinmaster, 2000). Among the NICD-inducible transcription
factors, the best defined are HES1 families of transcriptional
regulators that mediate the downstream responses of Notch
signaling. Given this scenario, one can expect that PS1-
evoking stress in turn increases NICD and then HES1.
Although this was expected, it was amazing to see that
ethanol-withdrawn rats show a robust increase in NICD and
HES1. This effect of EW was reproduced by glutamate
treatment to ethanol-free cells but not in the presence of a
p38a inhibitor or a g-secretase inhibitor. These results
suggest that the increase in NICD and HES1 is associated
with excitotoxicity in a manner that depends on p38a or
g-secretase.
A previous study has shown that p38a inhibitor treatment

attenuates the toxic effect of EW on HT22 cells (Jung et al.,
2011), demonstrating that the excessive level of p38a is part of
a cell death pathway. PS1 has also been implicated in cell
death: the deletion of PS1 in mouse embryonic cells mitigated
the cytotoxicity of a DNA-damaging reagent (Song et al.,
2013). This phenotype was reversed by re-expression of PS1
(Song et al., 2013), which leads to the assumption that PS1
contributes to cell death. Being a main component of g-secretase,
the reduced cell viability associated with PS1 may be
attributed to g-secretase. Li et al. (2011) have demonstrated
that the overexpression of normal or mutant PS1 is sufficient
to increase the amount and activity of g-secretase. A high level
of intracellular Ca21 triggered hippocampal cell deaths in a
manner that was attenuated by a g-secretase inhibitor (Choi
et al., 2010), suggesting that g-secretase mediates the cell
death. A single treatment with a g-secretase inhibitor reduced
brain damage associated with ischemia/reperfusion in mice
(Arumugam et al., 2006). Arumugam et al. (2006) proposed
that a high level of g-secretase increases cellular vulnerability
to apoptosis, thereby resulting in cell death. Our results are in
accordance with these studies in that g-secretase inhibitor
treatment allowedmore cells to survive from the toxic effect of
EW or glutamate. It should be noted that DAPTwas applied to
cells during EW after ethanol was removed. The cellular
protection achieved by DAPT treatment during EW raises an
important mechanistic point that PS1, through its g-secretase
function, may mediate excitotoxicity when the level of PS1 is
increased beyond a physiologic level. As mentioned previ-
ously, the g-secretase activity of PS1 releases NICD (De
Strooper et al., 1998), which in turn activates HES1. Hence,
it is conceivable that cell death seen in our study is also
attributed to NICD and HES1 activation.
Finally, we assessed glutamate concentrations under EW

conditions. Compared with control conditions, glutamate

concentrations were increased in the brain tissues and HT22
cells collected 3 weeks and 4 hours after ethanol removal,
respectively. This timing difference can be a limitation of this
study. We selected this time based on our preliminary
observation that PS1 level was significantly increased in brain
tissues and HT22 cells under these timing conditions. In
addition, we measured the total level of glutamate including
extracellular and intracellular glutamate, and thus our data
on glutamate level can provide only indirect evidence of
glutamate elevation. Furthermore, we were unable to assess
the physiologic relevance of the glutamate concentrations
used with exogenous glutamate application. Nevertheless,
the increase in glutamate concentrations under our in vivo
and in vitro EW condition raises the possibility that repeated
EW results in the prolonged accumulation of glutamate, which
may permanently alter signaling pathways.
In conclusion, our studies highlight that the excitotoxic

effect of EW involves the sequential or concerted molecular
activities of glutamate, p38a, PS1, and PS1’s downstream
molecules (Fig. 8). These observations may provide new
mechanistic insight into understanding the neurochemistry
underlying excitotoxic brain disorders such as EW.
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