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BACKGROUND AND PURPOSE

Astrocytic excitatory amino acid transporters (EAATs) regulate extracellular glutamate concentrations and play a role in
preventing neuroexcitotoxicity. As the §-opioid receptor (DOP receptor) is neuroprotective against excitotoxic injury, we
determined whether DOP receptor activation up-regulates EAAT expression and function.

EXPERIMENTAL APPROACH

We measured mRNA and protein expression of EAAT1, EAAT2 and EAAT3 in cultured mouse astrocytes exposed to a specific
DOP receptor agonist (UFP-512) with or without a DOP receptor antagonist, DOP receptor siRNA or inhibitors of PKC, PKA,
PI3K, p38, MAPK, MEK and ERK, and evaluated the function of EAATs by measuring glutamate uptake.

KEY RESULTS

Astrocytic DOP receptor mRNA and protein were suppressed by DOP receptor siRNA knockdown. DOP receptor activation
increased MRNA and protein expression of EAATT and EAAT2, but not EAAT3, thereby enhancing glutamate uptake of
astrocytes. DOP receptor-induced EAAT1 and EAAT2 expression was largely reversed by DOP receptor antagonist naltrindole
or by DOP receptor siRNA knockdown, and suppressed by inhibitors of MEK, ERK and p38. DOP receptor-accelerated
glutamate uptake was inhibited by EAAT blockers, DOP receptor siRNA knockdown or inhibitors of MEK, ERK or p38. In
contrast, inhibitors of PKA, PKC or PI3K had no significant effect on DOP receptor-induced EAAT expression.

CONCLUSIONS AND IMPLICATIONS

DOP receptor activation up-regulates astrocytic EAATs via MEK-ERK-p38 signalling, suggesting a critical role for DOP receptors
in the regulation of astrocytic EAATs and protection against neuroexcitotoxicity. As decreased EAAT expression contributes to
pathophysiology in many neurological diseases, including amyotrophic lateral sclerosis, our findings present a new platform
for potential treatments of these diseases.

Abbreviations

ALS, amyotrophic lateral sclerosis; DHK, dihydrokainic acid; DOP receptor, §-opioid receptor; DPDPE, [D-pen2,
D-penS]-enkephalin; EAATs, excitatory amino acid transporters; GFAP, glial fibrillary acidic protein; MEK,
mitogen-activated protein kinase kinase; RT-PCR, real-time PCR; siRNA, small interfering RNA; TBOA,
DL-threo-B-benzyloxyaspartic acid; UCPH, UCPH-101
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Table of Links

TARGETS LIGANDS

d receptor (DOP receptor) Calphostin C
u receptor (MOP receptor) DPDPE
EAAT1 DL-TBOA
EAAT2 FR180204
EAAT3 L-glutamate
ERK Naltrindole
MEK SB203580
p38MAPK (p38) UCPH-101
PI3K uo126

PKA

PKC

This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a,b,c).

Introduction

The role of excitatory amino acids in the brain is like a
double-edged sword requiring a perfect harmony in the
homeostasis for normal neural functioning. While their pres-
ence is paramount for normal functions, such as synaptic
plasticity, learning and development under physiological
conditions, an excess accumulation at toxic concentrations
can result in neuronal death (Ganel and Rothstein, 1999).
Glutamate-induced excitotoxicity has been implicated in
various neurological pathologies, including ischaemia/
hypoxia, inflammation, traumatic brain injury and neurode-
generative diseases such as amyotrophic lateral sclerosis (ALS)
(Schwartz et al., 2003; Bruijn et al., 2004). It is still an impor-
tant target in neurological research although many new strat-
egies have been recently proposed for brain protection (van
Leyen et al., 2006; Zhao et al., 2013).

Excessive exposure to excitatory amino acids accumulated
in the extracellular space results from an imbalance in the
interplay between the glutamate transport system and func-
tional regulation in neurons and astrocytes. A family of
sodium-dependent excitatory amino acid transporters
(EAATs) orchestrates this regulation through glutamate
uptake thereby buffering against excitotoxicity (Danbolt,
2001; Maragakis and Rothstein, 2004). To date, five EAATs
(EAAT1-5) have been cloned from human and animal tissue
(Arriza et al., 1994; Maragakis and Rothstein, 2004; Maragakis
et al., 2004; Sheldon and Robinson, 2007). Of these, EAAT1
and EAAT2 are predominantly expressed in glial cells found in
cerebellum, forebrain and hippocampus, EAAT3 and EAAT4
are typically localized in neurons of cerebellum and EAATS is
located mainly in retinal ganglion cells (Danbolt, 2001).

Astrocytes play a significant role in regulating this pre-
carious balance in extracellular excitatory amino acid con-
centrations via EAAT1 and EAAT2, thus preventing neuronal
injury (Maragakis and Rothstein, 2004; Maragakis et al., 2004;
Sheldon and Robinson, 2007; Gilley and Kernie, 2011; Kim
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etal., 2011). Astrocytic EAAT1 and EAAT2 dysfunction has
been implicated in many neurological diseases. Indeed, the
expression of astrocytic EAATS is diminished in patients with
ALS (Gilley and Kernie, 2011). Thus, enhancing astrocytic
EAAT expression presents a potential for developing novel
treatment strategies.

We (Zhang et al., 2000; 2002; Chao etal., 2007; 2008;
2012; Kang et al., 2009; Yang et al., 2009; Chao and Xia, 2010;
He et al., 2013; Tian et al., 2013) and other investigators (Ke
etal.,, 2009; Duan etal., 2011; Turner and Johnson, 2011;
Yang et al., 2011) have previously demonstrated the role of
d-opioid receptor (DOP receptor) in neuroprotection against
myriad neurological conditions and insults, including
glutamate-induced neuronal injury. Because glutamate-
induced excitotoxicity is a common pathway in the molecu-
lar pathogenesis of these diseases (Plaitakis, 1990; Bruijn
et al., 2004; Liang et al., 2008), we conjectured a possible link
between DOP receptor neuroprotection and astrocytic EAATS.
However, it is unknown whether DOP receptor plays any role
in the regulation of EAATs although astrocytes are known to
express DOP receptor. We have therefore performed this
study to address if astrocytic EAATs are involved in the
mechanism for the DOP receptor protection. Specifically, we
asked if activation of DOP receptor enhances the expression
of EAAT1, EAAT2 and EAAT3 and alters the rate of glutamate
uptake in astrocytes.

Methods

Cell culture

All experiments were approved by the Animal Care Commit-

tee of Yale University School of Medicine and The University

of Texas Medical School at Houston, accredited by the Ameri-

can Association for Accreditation of Laboratory Animal Care.
Astrocyte-enriched cultures were prepared from the

primary mixed glial cell cultures (obtained from newborn
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C57BL/6] mice brain) by three to four repetitions of trypsini-
zation and replating. The astrocyte cultures were more than
95% pure when examined under indirect immunofluores-
cence with an anti-glial fibrillary acidic protein (GFAP) anti-
body staining (Liang et al., 2008). Astrocyte cultures were
maintained in DMEM supplemented with 10% fetal calf
serum (Sigma-Aldrich, St. Louis, MO, USA), 5 ug-mL™" bovine
insulin (Sigma-Aldrich) and 0.2% glucose. The medium was
exchanged every 3 days until the cells reached confluence.

Drug treatments

The drug and molecular target nomenclature used was in ac-
cordance with the BJP’s Concise Guide to PHARMACOLOGY
(Alexander et al., 2013a,b). To assess the signalling pathway of
UFP-512-induced astrocytic EAAT expression, cells were pre-
treated with the indicated drugs for 1 h and then incubated
with UFP-512 in the presence of each drug. UFP-512 is a
specific and potent DOP receptor agonist (Balboni et al., 2002;
Chao et al., 2007). The final concentrations used for each
drug were as follows: naltrindole, DOP receptor antagonist,
10 uM; L-glutamate (Sigma-Aldrich), 100 uM; DL-threo-B-
benzyloxyaspartic acid (TBOA) (Tocris Bioscience, Minneapo-
lis, MN, USA), EAATs inhibitor, 100 uM; UCPH-101 (UCPH)
(Tocris Bioscience), EAAT1 inhibitor, 10 uM; dihydrokainic
acid (DHK) (Tocris Bioscience), EAAT2 inhibitor, 300 uM; cal-
phostin C (Tocris Bioscience), PKC inhibitor, 500 nM; H89
(Tocris Bioscience), PKA inhibitor, 10 uM; LY294002 (Tocris
Bioscience), PI3K inhibitor, 10 uM; SB203580 (Tocris Biosci-
ence), p38 MAPK inhibitor, 10 uM; U0126 (Tocris Bioscience),
mitogen-activated protein kinase kinase (MEK) inhibitor,
5 uM; FR180204 (Tocris Bioscience), ERK inhibitor, 500 nM.

SiRNA transfection

Astrocytes were transfected with DOP receptor small interfer-
ing RNA (siRNA) constructs or control siRNA (Life Technolo-
gies, Grand Island, NY, USA) with Lipofectamine® RNAi MAX
(Life Technologies) according to the manufacturer’s instruc-
tions. Briefly, the siRNA construct was diluted in Opti-MEM
and then mixed with an equal volume of Lipofectamine
diluted in Opti-MEM (1:1 ratio Lipofectamine to siRNA) and
allowed to incubate for 5 min. After incubation, the siRNA/
Lipofectamine solution was added directly to cells. The final
siRNA concentration was 15 nM. After 24 h, the siRNA was
removed and cells were used for RNA extraction and other
experiments.

RNA extraction and RT-PCR

RNA extraction and real-time (RT)-PCR were carried out as
described previously (Liang ef al., 2010). To examine mRNA
expression by RT-PCR analysis, astrocytes were cultured at a
concentration of 2 x 10° cells-mL™" in 24-well culture plates
(BD, Franklin Lakes, NJ, USA) in the presence or absence of
10 uM UFP-512 for 12 h. The cortex tissues were obtained
from adult C57BL/6] mice. Total RNA was extracted using the
guanidinium thiocyanate method (RNeasy Mini Kit; Qiagen,
Valencia, CA, USA). cDNAs were generated using QuantiTect
Rev. Transcription Kit (Qiagen). DOP receptor and GAPDH
cDNAs were amplified using specific primers designed as pre-
viously described (Zhang et al., 2006; Liang et al., 2010). The
sequences for DOP receptor and GAPDH derived were:

DOP receptors, EAATs and astrocytes

DOP receptor forward primer: 5-TACATCTTCAATCTGGCT-3’

DOP receptor reverse primer: 5-CGATGACGAAGATGTG
GA-3’

GAPDH forward primer: 5-TGTGTCCGTCGTGGATCTGA-3’

GAPDH reverse primer: 5’-CCTGCTTCACCACCTTCTTGA-3’

The reverse transcription product (1 puL) was amplified with a
mixture of primers and 2.5 units of 50X Advantage® 2 Poly-
merase Mix (Clontech, Mountain View, CA, USA). Thermal
cycling parameters for primer optimization were as follows:
DOP receptor was activated at 95°C for 5 min followed by 33
cycles including 95°C for 30 s, 54°C for 30 s, 72°C for 1 min,
then incubated at 72°C for 7 min. GAPDH was activated at
95°C for 5 min followed by 27 cycles including 95°C for 30 s,
58°C for 30s, 72°C for 1 min, then incubated at 72°C for
7 min. Assays were carried out in at least three independent
trials.

RNA extraction and RT-quantitative PCR

To ensure specificity and the absence of non-specific amplifi-
cation, the primers were complementary to sequences present
in different exons. The cDNA (2 pL) from the reverse transcrip-
tion was mixed with a final concentration of SsoFast™ Eva-
Green® Supermix (Bio-Rad, Hercules, CA, USA), 500 nM
forward primer, 500 nM reverse primer and deionized water in
a total volume of 10 uL. Thermal cycling parameters for primer
optimization were as follows: activation at 95°C for 3 min
followed by 50 cycles 95°C for 10 s and 60°C for 30 s. The
mRNA level for each sample was normalized to GAPDH
mRNA. The following specific primers for mouse GAPDH,
EAAT1 and EAAT2 were used for quantitative PCR analysis:

GAPDH forward primer: 5-TGTGTCCGTCGTGGATCTGA-3’

GAPDH reverse primer: 5-CCTGCTTCACCACCTTCTTGA-3’

EAAT1 forward primer: 5-TTGCAGCAAGGGGTCCGCAA-3’

EAAT1 reverse primer: 5-GCAGTGACCGTGAGCAGAAC
GA-3’

EAAT?2 forward primer: 5-CAAGTCTGAGCTGGACACCA-3’

EAAT?2 reverse primer: 5-GTGTGCGGCATAGACACACT-3’

EAAT3 forward primer: 5-GCCAGTTACATTCCGCTGTG
CG-3’

EAAT3 reverse primer: S5-TGCAGACCATGACCCGAGAG
CA-3

Western blot analysis

The total astrocytic proteins were collected with M-PER Mam-
malian Protein Extraction Reagent (Thermo Fisher Scientific,
Waltham, MA, USA). The whole brain and cortical tissues were
obtained from adult C57BL/6] mice and tissue protein extrac-
tion was performed in a similar manner to that used in our
previous work (Ma et al., 2005; Tian et al., 2013). Briefly, the
tissue was homogenized with a Potter homogenizer in ice-cold
hypotonic lysis buffer (10 mM HEPES, pH 7.9, 10 mM KClI,
1.5 mM MgCIB2B, 0.1 mM EDTA, 0.1 mM EGTA (ethylene
glycol tetraacetic acid), 1 mM DTT, 0.5 mM phenylmethylsul-
fonyl fluoride, 2 pug-mL™" leupeptin, 2 pug-mL™ aprotinin,
0.5 mg-mL™" benzamidine, 5 mM sodium fluoride, 2 mM so-
dium pyrophosphate, 1 mM sodium orthovanadate) and the
lysates were incubated on ice for 30 min. After centrifugation
at 14 000x g for 5 min, the supernatant was kept and stored at
—80°C for protein assay. Western blotting was performed as
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described previously (Liang et al., 2008). The primary antibod-
ies used were as follows: rabbit anti-DOP receptor antibody
(1:2000, EMD Millipore, Billerica, MA, USA), rabbit polyclonal
anti-EAAT1 antibody (1:200, Santa Cruz Biotechnology,
Dallas, TX, USA), rabbit polyclonal anti-EAAT2 antibody
(1:100, Santa Cruz Biotechnology), rabbit polyclonal anti-
EAAT3 antibody (1:200, Santa Cruz Biotechnology), rabbit
polyclonal Phospho-p38 MAPK antibody (1:1000, Cell Signal-
ing Technology, Beverly, MA, USA), rabbit polyclonal p38
MAPK antibody (1:1000, Cell Signaling Technology) and
mouse monoclonal anti-B-actin antibody (1:20 000, Sigma-
Aldrich). After overnight incubation with primary antibodies
at 4°C, each blot was probed with HRP-conjugated anti-rabbit
IgG (1:5000, Santa Cruz Biotechnology) and anti-mouse IgG
(1:5000, Sigma-Aldrich). The images of the Western blot were
then developed with ECL Plus Western blotting detection
reagents (GE Healthcare Life Sciences, Pittsburgh, PA, USA).
Assays were carried out in at least three independent trials.

Immunocytochemistry

Rabbit anti-DOP receptor antibody (1:100, EMD Millipore,
AB1560mi) and mouse monoclonal anti-GFAP antibody
(1:500, Sigma-Aldrich) were used for immunostaining of astro-
cytic DOP receptor protein expression and astrocyte respec-
tively. After fixation by 4% paraformaldehyde for 30 min at
room temperature, cells were blocked with 5% normal goat
serum and were then permeabilized with 0.05% Triton X-100
for 10 min. Cells were incubated with each primary antibody
overnight at 4°C, and then stained with each secondary anti-
body conjugated Alexa dye (Alexa 488 Invitrogen 1:500 for
DOP receptor; Alexa 647 Invitrogen 1:500 for GFAP, Grand
Island, NY, USA) for 1 h at room temperature. Cells were
counterstained with Hoechst 33342. Images were analysed
with a deconvolution fluorescent microscope system (Nikon
Eclipse Te2000-u, Nikon Instruments, Tokyo, Japan).

L-glutamate assay

We measured the astrocytic condition medium to verify if
DOP receptor-induced expression of astrocytic EAAT1/EAAT2
is associated with a reduction in the glutamate concentration
in the condition medium. Astrocytes were cultured at a con-
centration of 2 x 10° cells-mL™" in 24-well culture plates (BD).
Twelve groups of astrocytic culture were used for this experi-
ment. The first group was kept in the medium for 25 h and
then exposed to 100 uM glutamate for 30 min. The second
group was kept in medium for 24 h and then exposed to
100 uM TBOA for 1 h, followed by exposure to 100 uM TBOA
and 100 uM glutamate for 30 min. The third group was kept
in medium with 10 pM UFP-512 for 25 h and then exposed to
100 uM glutamate for 30 min. The fourth group was kept in
medium with 10 uM UFP-512 for 24 h and then exposed to
100 uM TBOA for 1 h, followed by exposure to 100 uM TBOA
and 100 pM glutamate for 30 min. The fifth group was treated
with DOP receptor siRNA for 24 h at the beginning, and then
its medium was changed to one containing 10 uM UFP-512
and incubated for 25 h, followed by exposure to 100 uM
glutamate for 30 min. The sixth group was kept in the
medium for 24 h and then exposed to 10 uM UCPH for 1 h,
followed by exposure to 10 uM UCPH and 100 pM glutamate
for 30 min. The seventh group was kept in the medium with
10 uM UFP-512 for 24 h and then exposed to 10 uM UCPH for
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1 h, followed by exposure to 10 pM UCPH and 100 pM gluta-
mate for 30 min. The eighth group was kept in the medium
for 24 h and then exposed to 300 uM DHK for 1 h, followed
by exposure to 300 uM DHK and 100 uM glutamate for
30 min. The ninth group was kept in medium with 10 uyM
UFP-512 for 24 h and then exposed to 300 uM DHK for 1 h,
followed by exposure to 300 uM DHK and 100 uM glutamate
for 30 min. The tenth group was kept in the medium with
10 uM SB203580 for 1 h and then exposed to 10 uM UFP-512
for 25 h, followed by exposure to 100 uM glutamate for
30 min. The eleventh group was kept in the medium with
5 uM U0126 for 1 h and then exposed to 10 uM UFP-512 for
235 h, followed by exposure to 100 uM glutamate for 30 min.
The twelfth group was kept in the medium with 500 nM
FR180204 for 1 h and then exposed to 10 uM UFP-512 for
235 h, followed by exposure to 100 uM glutamate for 30 min.
After the application of 100 uM glutamate to each group, 2 uL.
astrocyte-conditioned medium of each group was collected at
10, 20 and 30 min time points, respectively, which was used
for the L-glutamate assay. We utilized the glutamate assay kit
(BioVision, Milpitas, CA, USA) to measure extracellular gluta-
mate concentrations according to the manufacturer’s proto-
col. Absorbance at 450 nm was measured on a plate reader.
Assays were performed in six independent trials.

Statistical analysis

All of the experiments were performed in triplicate and were
repeated at least three times. The data are expressed as mean
+ SD. Student’s two-tailed t-test was used to compare paired
data and one-way anova followed by Tukey’s post hoc test for
multiple comparisons were used to detect statistically signifi-
cant differences between groups. Statistical significance was
considered when P values were <0.05.

Results

The astrocytes express DOP receptor

We determined DOP receptor mRNA expression by RT-PCR
with the mRNA of the cortex as a positive control as it is
known to express DOP receptors (Xia and Haddad, 1991;
2001). The astrocytes indeed expressed DOP receptor mRNA
(Figure 1A). We observed that DOP receptor siRNA largely
attenuated DOP receptor mRNA expression in these astro-
cytes (Figure 2A,B). The astrocytic DOP receptor expression
was reaffirmed by Western blot with the proteins extracted
from whole brain and cortical tissues as two positive controls
(Figure 1B). As shown in Figure 1B, 36 kDa and 72 kDa DOP
receptor proteins were expressed by naive astrocytes and UFP-
512-treated astrocytes. In addition, the immunocytochemis-
try analysis demonstrated DOP receptor localization in the
membrane, cytoplasm and nucleus (Figure 1C). Moreover,
the Western blot and immunocytochemistry data showed
that DOP receptor siRNA significantly reduced DOP receptor
protein expression (Figure 2C,D).

DOP receptor activation enhances astrocytic
expression of EAAT1 and EAATZ2 and

glutamate uptake
As the first step to determine if astrocytic EAATs play a role in
DOP receptor-induced neuroprotection, we evaluated if DOP
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Figure 1

DOP receptor (DOR) expression in the astrocytes. (A) DOP receptor
mRNA analysis by RT-PCR. Total mRNA was extracted from the
astrocytes and cortical tissues. (B) DOP receptor protein detection by
Western blot analysis. Total proteins were extracted from the astro-
cytes, UFP-512 treated astrocytes, cortex and whole brain. (C) Immu-
nocytochemistry results showing that DOP receptor protein existed
in the membrane, cytoplasma and nuclei of the astrocytes. Scale bar,
50 um. Ast, astrocytes; U, astrocytes treated with 10 uM UFP-512 for
24 h. Note that the astrocytes expressed DOP receptor mRNA and
36 and 72 kDa DOP receptor protein.

receptor activation can alter the expression of EAAT1 and
EAAT2 in the astrocytes. The astrocytes were treated with
UFP-512, a potent DOP receptor agonist (Balboni et al., 2002;
Chao et al., 2007). After the treatment with UFP-512 (10 uM)
for 12 h, both EAAT1 and EAAT2 mRNA levels significantly
increased in the astrocytes (Figure 3A). After 24 h of UFP-512
treatment, the expression of EAAT1 and EAAT2 proteins also
increased (Figure 3B). In contrast, neither the EAAT3 mRNA
expression nor the protein levels were altered by DOP recep-
tor activation by UFP-512 (Figure 3A,B). Additionally, the
time-course experiment showed that DOP receptor-induced
EAAT1 mRNA expression significantly increased at 6 h and
reached peak at 12h and DOP receptor-induced EAAT2
expression also peaked at 12 h (Figure 4A). Both EAAT1 and
EAAT2 protein expressions were markedly up-regulated and
reached peak at 24 h after UFP-512 stimulation (Figure 4B).
Moreover, UFP-512 induced astrocytic EAAT1 and EAAT2
mRNA expression in a dose-dependent manner peaking at
10 uM concentration of UFP-512 (Figure SA). The EAAT1
protein production also peaked at 10 uM, while EAAT2
protein reached a plateau between 10 and 100 uM concen-
trations (Figure 5SB).

These observations were further verified by DOP receptor
antagonism and knockdown of DOP receptor expression. Ten
micromolar UFP-512 significantly increased EAAT1 and
EAAT2 mRNA expression in the astrocytes (Figure 3C), while
naltrindole, a DOP receptor antagonist, completely blocked

DOP receptors, EAATs and astrocytes BJP
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Figure 2

DOP receptor siRNA reduced DOP receptor (DOR) expression in the
astrocytes. (A) DOP receptor mRNA analysis by RT-PCR. Total mRNA
was extracted from the astrocytes and those treated with control
siRNA or DOP receptor siRNA. (B) DOP receptor mRNA analysis by
quantitative PCR. Total mMRNA was extracted from the control astro-
cytes and those treated with control siRNA or DOP receptor siRNA.
(C) DOP receptor protein detection by Western blot analysis. Total
proteins were extracted from the control astrocytes and those
treated with control siRNA or DOP receptor siRNA. (D) Astrocytes
were treated with DOP receptor siRNA for 24 h and then were
stained with DOP receptor and GFAP antibodies. Immunocytochem-
istry results showing DOP receptor siRNA markedly reduced astro-
cytic DOP receptor expression. C, non-treated astrocytes; C siRNA,
astrocytes treated with control siRNA for 24 h; siRNA, astrocytes
treated with DOP receptor siRNA for 24 h. **P < 0.01. Note that
there was a significant reduction in astrocytic DOP receptor mRNA
and protein expression after addition of DOP receptor siRNA.

such increase (Figure 3C). Furthermore, UFP-512 induced
expression of astrocytic EAAT1 and EAAT2 mRNA was also
significantly suppressed by DOP receptor siRNA (Figure 3C).
The DOP receptor siRNA used in this study specifically
knocked down the expression of DOP receptor because DOP
receptor mRNA was remarkably reduced (Figure 2A), while
the expression of GAPDH mRNA and B-actin protein had no
significant change (Figure 2A,C) after the treatment with
DOP receptor siRNA. Moreover, we observed a consistent
decrease in 36 kDa and 72 kDa bands with no significant
change in other non-DOP receptor bands.

Astrocytes play a crucial role in the maintenance of extra-
cellular glutamate homeostasis and neuronal functioning.
This function is carried out via EAAT1 and EAAT2 that are
predominantly expressed in astrocytes. Thus, we investigated
a possible connection between UFP-512 enhanced EAATs
expression and astrocytic glutamate uptake. As illustrated in
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Figure 3

DOP receptors induced EAAT1 and EAAT2 expression in the astro-
cytes. (A) Quantitative PCR analysis showing that UFP-512 induced
EAAT1 and EAAT2 mRNA expression, but did not change EAAT3
mMRNA expression. Astrocytes were treated with 10 uM UFP-512 for
12 h and total mRNA was extracted for detection. (B) Western blot
analysis showing that UFP-512 induced EAAT1 (65 kDa) and EAAT2
(70 kDa) protein expression, whereas it did not alter EAAT3 (57 kDa)
protein expression. The astrocytes were treated with 10 uM UFP-512
for 24 h and total protein was extracted for measurements. (C) Effect
of DOP receptor antagonism and siRNA knockdown on astrocytic
EAATs. For DOP receptor antagonism, the astrocytes were pretreated
with naltrindole for 1 h, and then treated with 10 uM UFP-512 and
10 uM naltrindole for 12 h. For DOP receptor siRNA knockdown, the
astrocytes were pretreated with DOP receptor siRNA for 24 h and
then treated with 10 uM UFP-512 for 12 h. C, non-treatment; Nal,
10 uM naltrindole, a DOP receptor antagonist; U, UFP-512, a specific
DOP receptor agonist. *P < 0.05; **P < 0.01. Note that UFP-512
elevated EAATT and EAAT2 mRNA expression, while both naltrindole
and DOP receptor siRNA abolished the UFP-512-induced increase in
EAAT1 and EAAT2 expression.

Figure 6, after 24 h treatment with UFP-512, the glutamate
uptake accelerated in these astrocytes as opposed to those
without UFP-512 treatment. Furthermore, this effect was
completely eliminated by DOP receptor siRNA and TBOA, a
potent inhibitor of all EAATs. Moreover, both DHK and
UCPH-101 partially suppressed glutamate uptake in the astro-
cyte culture regardless of UFP-512 stimulation. However,
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Figure 4

Time course of DOP receptor-induced EAATT and EAAT2 expression
in the astrocytes. (A) Quantitative PCR analysis showing that UFP-512
induced EAATT and EAAT2 mRNA expression in a time-dependent
manner with expression reaching peak at 12 h. (B) Western blot
showing that UFP-512 induced EAATT and EAAT2 protein production
in a time-dependent manner with production reaching peak at 24 h.
C, non-treatment; U, 10 uM UFP-512. *P < 0.05; **P < 0.01. Note
that UFP-512 induced both EAATT and EAAT2 mRNA as well as
protein expression in a time-dependent manner.

DHK had a greater effect than UCPH-101 in blocking astro-
cytic glutamate uptake both in the presence and absence of
UFP-512. Thus our results suggest that EAAT2 has a greater
influence on the regulation of glutamate uptake compared
with EAAT1.

PKA, PKC and PI3K inhibitors do not affect
DOP receptor-induced expression of astrocytic
EAATI and EAAT2

We have previously demonstrated that PKC activation is
required for DOP receptor-mediated neuroprotection against
hypoxic insults in neurons (Ma etal.,, 2005; Chao etal.,
2012). Therefore, we questioned if PKC pathways affect the
DOP receptor-induced expression of astrocytic EAAT1 and
EAAT2 as well. We tested it by utilizing Calphostin C, a
potent PKC inhibitor. Contrary to our expectations, Calphos-
tin C did not affect EAAT1 and EAAT2 expression (Figures 7
and 8) following UFP-512 treatment. This observation
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Figure 5

DOP receptor induced astrocytic EAATT and EAAT2 expression in a
dose-dependent manner. (A) Astrocytes were treated with UFP-512
for 12 h. Then total mRNA was extracted for mRNA analysis. Quan-
titative PCR analysis showing that UFP-512 induced EAAT1 and
EAAT2 mRNA expression in a dose-dependent manner with expres-
sion reaching peak at 10 uM. (B) Astrocytes were treated with UFP-
512 for 24 h. Then total protein was extracted for protein analysis.
Western blot showing that UFP-512 induced EAAT1 protein produc-
tion in a dose-dependent manner with production reaching a peak at
10 uM and also up-regulated EAAT2 production, which reached a
plateau at 10 uM and 100 uM. C, non-treatment; U, UFP-512. *P <
0.05; **P < 0.01. Note that UFP-512 induced EAAT1 and EAAT2
mRNA as well as protein expression in a time-dependent manner.

suggests that DOP receptor activation employs a different
pathway in the astrocytes compared with the neurons.

PKA and PI3K are two important signalling proteins
involved in a multitude of cellular functions. Several studies
have repeatedly demonstrated a role of the kinase pathways
including PKA and PI3K in DOP receptor activity (Fryer ef al.,
2001; Narita et al., 2006). There is also evidence suggesting
that these signalling pathways are associated with EAAT1 and
EAAT2 expressions (Pignataro et al., 2011; Lee et al., 2012).
Thus, we investigated if these kinases were involved in UFP-
512-induced expression of astrocytic EAAT1 and EAAT2.
However, neither PKA inhibitor (H89) nor P13K inhibitor
(LY294002) could suppress the mRNA and protein expression
of EAAT1 and EAAT2 in the astrocytes treated with UFP-512
(Figures 7 and 8). We also verified that these inhibitors did
not alter EAAT1 and EAAT2 expression even in the absence of
UFP-512 treatment (Figure 9).

DOP receptors, EAATs and astrocytes

100

-~
(2]
T

— 18t Glu \\ %
= 2nd TBOA+GIlu =~ —_
-+ 3rdU+Glu
- - 4th U+TBOA+GIu
-- 5th U+siRNA+GIu
—+— 6th UCPH+GIu
—— Tth U+UCPH+GIu
- 8th DHK+Glu
— 9th U+DHK+Glu
1 1 1

10 20 30
Time (min)

Glutamate concentration (UM)

Figure 6

DOP receptor induced increase in astrocytic glutamate uptake. Nine
groups of astrocytic culture were used for this set of experiments.
Each group of cultured astrocytes was treated as detailed in the
Methods section. Two microlitres of the treated astrocytic-
conditioned media were collected from each group at 10, 20 and
30 min time points for extracellular glutamate analysis with the
L-glutamate assay. *P < 0.05 versus Glu. TP < 0.05 versus U + Glu. §P
<0.05 U + UCPH + Glu versus UCPH + Glu. #P < 0.05 U + DHK + Glu
versus DHK + Glu. 2 P < 0.05 U + UCPH + Glu versus U + DHK + Glu.
%P < 0.05 UCPH + Glu versus DHK + Glu. Glu, 100 uM glutamate;
DHK, 300 uM dihydrokainic acid, a potent EAAT2 inhibitor; siRNA,
DOP receptor siRNA; TBOA, 100 uM threo-R-benzyloxyaspartate, a
potent blocker of all subtypes of the excitatory amino acid transport-
ers; U, 10 uM UFP-512; UCPH, 10 uM UCPH-101, a specific EAAT1
inhibitor. Note that UFP-512 enhanced astrocytic glutamate uptake
and this enhancement was completely blocked by the glutamate
inhibitor TBOA as well as DOP receptor siRNA. Both DHK and UCPH-
101 partially suppressed glutamate uptake in astrocyte culture in the
presence or absence of UFP-512 stimulation. DHK had a greater
effect than UCPH-101, suggesting that EAAT2 has a greater effect
than EAATT.

DOP receptor activation induces EAAT1

and EAAT?2 expression through
MEK-ERK-p38 interaction

We have previously demonstrated that DOP receptor-
mediated neuroprotection against hypoxia depends on an
increase in ERK and Bcl-2 activity, which counteracts hypoxic
increase in p38 activity and cytochrome c release (Ma et al.,
2005). Therefore, we further determined whether the ERK
and p38 signalling is involved in the mechanism for the
DOP receptor-induced EAAT1 and EAAT2 expression in the
astrocytes.
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Figure 7

Effects of PKC, PKA or PI3K inhibitors on DOP receptor-induced
EAATT and EAAT2 mRNA expression in the astrocytes. Astrocytes
were pretreated with the indicated inhibitor for 1 h, followed by
10 uM UFP-512 and the inhibitor for 12 h. Total mRNA was extracted
for quantitative PCR analysis. C, non-treatment; Cal, 500 nM cal-
phostin C, a PKC inhibitor; H89, a PKA inhibitor, 10 pM; LY, 10 uM
LY294002, a PI3K inhibitor; U: 10 uM UFP-512. *P < 0.05; **P < 0.01.
The values are the means £ SD. At least three independent trials were
performed for each assay. Note that the inhibitors of PKC, PKA or
PI3K did not suppress astrocytic EAAT1 and EAAT2 mRNA expression
induced by DOP receptor activation.

The astrocytes were pretreated with U0126, an inhibitor
of MEK1 and MEK2 both of which are kinases upstream to
ERK (Ma et al., 2005), for 1 h before applying UFP-512. As
shown in Figures 10 and 11, U0126 completely abrogated
UFP-512-induced EAAT1 and EAAT2 expression at both
mRNA and the protein levels. This effect was further con-
firmed using FR180204, a potent inhibitor of ERK (Figures 10
and 11).

P38 MAPK is a key intracellular transduction pathway
that has been implicated in many stress- and disease-related
states. Increased p38 activity plays an important role in cell
death under stressful conditions and offsets ERK activation in
neurons (Ma et al., 2005). In this study, however, we observed
that p38 blockade with SB203580 significantly abolished
DOP receptor-induced EAAT1 and EAAT2 expression
(Figures 10 and 11). The glutamate uptake experiments also
revealed that the inhibitors for MEK, ERK and p38 signifi-
cantly reduced DOP receptor-accelerated glutamate uptake in
astrocyte (Figure 12). Furthermore, we found that UFP-512
up-regulated p38 phosphorylation in the astrocytes, which
was almost completely suppressed by the inhibitors of MEK
and ERK (Figure 13). In addition, the inhibitors did not affect
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Figure 8

Effects of PKC, PKA or PI3K inhibitors on DOP receptor-induced
EAAT1 and EAAT2 protein expression in the astrocytes. The astrocytes
were pretreated with the indicated inhibitor for 1 h, followed by
10 uM UFP-512 and the inhibitor for 24 h. C, non-treatment; Cal,
500 nM calphostin C, PKC inhibitor; H89, a PKA inhibitor, 10 uM; LY,
10 uM LY294002, a PI3K inhibitor; U, 10 uM UFP-512. *P < 0.05; **P
< 0.01. Note that the inhibitors of PKC, PKA or PI3K did not alter
astrocytic EAATT and EAAT2 protein expression induced by DOP
receptor activation.

EAATs expression and p38 activation without UFP-512 stimu-
lation (Figures 9 and 14). These observations suggest a syner-
gic interaction between ERK and p38 in the astrocytes and
DOP receptor-induced up-regulation of astrocytic EAAT1 and
EAAT?2 is via a MEK-ERK-p38 signalling pathway.

Discussion and conclusion

In this work, we have demonstrated for the first time that
DOP receptor activation induces astrocytic expression of
EAAT1 and EAAT2, but not EAAT3, an effect that is com-
pletely reversed by DOP receptor antagonist or siRNA knock-



% 1:0
%Tﬂﬂﬂﬂﬂﬂﬂ
% 1.0
%fﬂﬂﬂﬂﬂﬂﬂ

Cal H89 LY SB U0126 FR

Figure 9

No appreciable effect of signal pathway inhibitors on EAAT1 and
EAAT2 expression in the absence of UFP-512 stimulation. Astrocytes
were treated with indicated inhibitor for 12 h. Then total mRNA was
extracted for mRNA analysis. Quantitative PCR analysis showing that
EAAT1 and EAAT2 expression was not affected. C, non-treatment;
Cal: 500 nM calphostin C, a PKC inhibitor; FR: 500 nM FR180204,
ERK inhibitor; H89, a PKA inhibitor, 10 uM; LY, 10 uM LY294002, a
PI3K inhibitor; SB, 10 uM SB203580, p38 inhibitor; U0126, an MEK
inhibitor, 5 uM. Note that the inhibitors had no effect on astrocytic
EAAT1 and EAAT2 expression.

down. Furthermore, we observed an increased glutamate
uptake in the astrocytes treated with UFP-512, an effect com-
pletely blocked by an EAAT inhibitor or DOP receptor knock-
down. PKA, PKC and PI3K inhibitors did not, while MEK, ERK
or p38 inhibitors did, significantly alter DOP receptor-
induced EAAT1 and EAAT2 expression. These observations
strongly suggest that DOP receptor activation up-regulates
astrocytic EAAT expression and function through a MEK-ERK-
p38 signalling, thereby promoting neuroprotection against
excitotoxicity.

The realm of modern neurovascular biology is undergoing
a paradigm shift with a gradual acceptance of the concepts of
multiple targets in addition to neurons and looking beyond
the neuronal signalling to glial pathways as the probable
underlying mechanisms. Our observations from the current
study corroborate a novel mechanism for DOP receptor-
mediated regulation of extracellular excitatory activity.

DOP receptors, EAATs and astrocytes

The DOP receptor protein exists mainly in three forms of
varying sizes, namely, 36, 48 and 72 kDa, in terms of Western
blot detection. In addition, a 65 kDa band was detected in
certain experimental conditions (Persson et al., 2005; Kabli
and Cahill, 2007; Zambelli et al., 2014). Our previous studies
as well as this work have shown that although the detectable
bands of DOP receptor varies in different tissue and cell types
in various conditions, 36 and 72 kDa bands are commonly
detected in most conditions. The 72 kDa DOP receptor is a

DOP receptors, EAATs and astrocytes
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Figure 10

DOP receptor-induced expression of EAAT1 and EAAT2 mRNAs via
MEK-ERK-p38 signalling in the astrocytes. The astrocytes were pre-
treated with the indicated inhibitor for 1 h, followed by the inhibitor
plus 10 uM UFP-512 for 12 h. C, non-treatment; FR: 500 nM
FR180204, ERK inhibitor; SB, 10 uM SB203580, p38 inhibitor; U,
10 uM UFP-512; U0126, an MEK inhibitor, 5 uM. *P < 0.05; **P <
0.07. Note that the inhibitors of MEK, ERK and p38 MAPKs blocked
astrocytic EAATT and EAAT2 mRNA expression induced by DOP
receptor activation with UFP-512.

EAAT1/GAPDH

EAAT2/GAPDH

U126

possible dimeric form of a 36 kDa DOP receptor post-
translationally truncated at the C-terminus (Persson et al.,
2005). We have therefore measured their density and com-
pared them among various groups in this work. Immunocy-
tochemical staining (Figure 1C) demonstrated DOP receptor
localization in the cytosolic and nuclear regions, in addition
to the membrane. In fact, it is known that the DOP receptor
protein is produced by membrane-bound ribosome in
endoplasmic reticulum and post-translationally modified by
endoplasmic reticulum and Golgi apparatus (Leskela et al.,
2007). Our current observations are consistent with previous
studies that demonstrate the astrocytic expression of DOP
receptor as well as other opioid receptors (Ruzicka et al., 1995;
Stiene-Martin et al., 1998).

Our studies and those of others have well demonstrated
that DOP receptor activation induces neuroprotection in
many neurological conditions including glutamate-induced
injury (Zhang et al., 2000; 2002; Chao et al., 2007; 2008;
2012; Kang et al., 2009; Ke et al., 2009; Yang et al., 2009; 2011;
Chao and Xia, 2010; Duan et al., 2011; Turner and Johnson,
2011; He et al., 2013; Tian et al., 2013). In the present work,
we have established a novel link between DOP receptor acti-
vation and EAAT expression as well as function in the astro-
cytes. This is specific to EAAT1 and EAAT2. Although
astrocytes express EAAT3 (also named EAAC1), it is mainly
localized in the perinuclear region of the cell and has less
function in glutamate uptake (Dallas et al., 2007). The present
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Figure 11

DOP receptor induced expression of EAAT1 and EAAT2 proteins
through MEK-ERK-p38 signalling in the astrocytes. The astrocytes
were pretreated with the indicated inhibitor for 1 h, followed by the
inhibitor plus 10 uM UFP-512 for 24 h. C, non-treatment; FR:
500 nM FR180204, an ERK inhibitor; SB, 10 uM SB203580, p38
inhibitor; U, 10 uM UFP-512; U0126, an MEK inhibitor, 5 uM. *P <
0.05; **P < 0.01. Note that the inhibitors of MEK, ERK and p38
blocked astrocytic EAAT1 and EAAT2 protein expression induced by
DOP receptor activation with UFP-512.

study demonstrates that DOP receptor activation does not
alter EAAT3 mRNA and protein expression in the astrocytes.
This is different from an earlier study showing an inhibitory
effect of DOP receptor on EAAT3 in the oocytes (Xia et al.,
2006), suggesting a differential role of DOP receptor in the
regulation of EAAT3 in different tissues/cells. Although
microglia also express EAATs, the level of EAAT expression is
much lower compared with the astrocytes, and microglial
EAATs has little function in glutamate uptake and neuropro-
tection as we demonstrated previously (Liang et al., 2008).
Thus, we believe that microglia should not have a consider-
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Effects of MEK, ERK and p38 inhibitors on DOP receptor-accelerated
glutamate uptake in the astrocyte. Each group of cultured astrocytes
was treated as detailed in the Methods section. After these treat-
ments, 2 pL of astrocytic condition medium were collected from
each group at 10, 20 and 30 min time points for extracellular
glutamate analysis with the L-glutamate assay. FR, 500 nM
FR180204, an ERK inhibitor; SB, 10 uM SB203580, p38 inhibitor;
U0126, an MEK inhibitor, 5 uM. *P < 0.05 versus Glu. P < 0.05
versus U + Glu. Note that UFP-512 enhanced astrocytic glutamate
uptake was completely blocked by inhibitors for MEK, ERK and p38.

able effect on the results from the present study. However, we
will further clarify this issue in future work.

Our finding is not consistent with the results reported by
Thorlin etal. (1998). They studied the effect of 10 uM
[D-pen2, D-penS]-enkephalin (DPDPE) on astrocytic EAAT2
mRNA and glutamate uptake. The specificity of DPDPE is
much lower compared with that of UFP-512. Because the ECs,
of DPDPE for DOP receptor is only 5.2 nM (Chandrakumar
et al., 1992), 10 uM may also activate p-opioid receptors (Han,
2003) or other receptors, thus inducing a complex effect or
even opposite outcome (Zhang et al., 2000; 2002; Chao et al.,
2007). Also, it is unclear as to whether EAAT2 protein level
changed in their study. Furthermore, they observed gluta-
mate uptake after 48 h of DPDPE treatment. Our study shows
that after DOP receptor activation, astrocytic glutamate trans-
porter production reached a peak at 24 h and dramatically
decreased by 48 h (Figure 4B). This might be due to several
reasons, such as desensitization of DOP receptor and loss of
activity of the added agonist. Therefore, comparing their data
with ours may not be a fair comparison on many different



kDa pp38 p38

70 —
55—

40_,..———- e SesE>  Smew  Cmad

35—

C UU0126 FR C U U0126 FR
U u

3.0

*
201 |
15T
10
05

Cc

Figure 13

Effects of MEK and ERK inhibitors on DOP receptor-induced p38
phosphorylation in the astrocytes. The astrocytes were pretreated
with the indicated inhibitor for 1 h, followed by the inhibitor plus
10 uM UFP-512 for 24 h. C, non-treatment; FR, 500 nM FR180204,
an ERK inhibitor; pp38: phosphorylated p38; U, 10 uM UFP-512;
U0126, an MEK inhibitor, 5 uM. *P < 0.05. Note that the inhibitors of
MEK and ERK suppressed UFP-512-induced p38 phosphorylation.
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levels. Moreover, we have used multiple approaches, includ-
ing DOP receptor antagonist and siRNA, to verify our results.

Our data from various sets of experiments with DOP
receptor activation, DOP receptor antagonism and knock-
down of DOP receptor expression consistently demonstrated
that DOP receptor activation up-regulates EAAT1 and EAAT2
expression and in turn enhances the glutamate uptake in the
astrocytes in vitro. This novel finding sheds a new light on the
mechanism of DOP receptor neuroprotection. However, it
needs further verification if this mechanism plays a critical
role in the control of glutamate homeostasis in the in vivo
brain model.

Potential pathways for DOP receptor-
mediated regulation of astrocytic EAATs

Our previous studies (Ma et al., 2005; Chao and Xia, 2010;
Chao et al., 2012; He et al., 2013) and those of other groups
(Narita et al., 2006; Peng et al., 2009; Chao and Xia, 2010; He
et al., 2013) suggest the involvement of PKA, PKC and PI3K in
DOP receptor signalling. In the current study, however, we
observed that PKA, PKC and PI3K inhibitors did not alter
DOP receptor-induced EAAT1 and EAAT2 expression in the
astrocytes, suggesting that DOP receptor-induced expression
of astrocytic EAATs does not involve PKA, PKC and PI3K

DOP receptors, EAATs and astrocytes
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Figure 14

No appreciable change in p38 activation after the treatment with PK
and MAPK inhibitors in the absence of UFP-512 stimulation. Astro-
cytes were treated with indicated inhibitor for 24 h. Then total
protein was extracted for Western blot. C, non-treatment; Cal,
500 nM calphostin C, a PKC inhibitor; FR, 500 nM FR180204, ERK
inhibitor; H89, a PKA inhibitor, 10 uM; LY, 10 uM LY294002, a PI3K
inhibitor; pp38, phosphorylated p38; SB, 10 uM SB203580, p38
inhibitor; U0126, an MEK inhibitor, 5 uM. Note that the inhibitors
had no effect on p38 activation.

signals. This may represent a major difference between
neurons and astrocytes in intracellular signalling. More
studies are worthy to be conducted for exploring in-depth
mechanisms.

The MAPKs play a pivotal role in the mediation of cellular
responses to a variety of cellular and environmental events.
There was also a study suggesting a possible connection
between glutamate signalling and the MAPK cascade (Abe
and Saito, 2001). In the present study, the blockade of p38
with SB203580 significantly reduced DOP receptor-induced
EAAT expression, suggesting the involvement of p38 in the
DOP receptor-mediated up-regulation of EAAT expression.
Indeed, our direct evidence further demonstrates that DOP
receptor activation promotes p38 phosphorylation. Again,
this notion is different from our finding in the neurons
where DOP receptor activation attenuates p38 activity (Ma
et al., 2005). More interestingly, the DOP receptor-mediated
up-regulation of p38 phosphorylation could be largely sup-
pressed by the inhibitors of MEK and ERK in the astrocytes.
The synergic interaction between ERK and p38 is opposite to
the antagonism between them in neurons where DOP
receptor-mediated protection against hypoxia depends on an
increase in ERK that counteracts the increase in p38 activity
(Ma et al., 2005). Indeed, a recent study reported an involve-
ment of p38 and ERK activity in protection of astrocytes
against C2-ceramide- and staurosporine-induced cell death
(Li and Reiser, 2011). The authors concluded that p38 and
ERK contributes to astrocytic cytoprotection against apopto-
sis as evidenced by the inhibition of this effect following
application of p38 and ERK inhibitors. Taken together, our
current findings suggest that p38 activation induces cytopro-
tection in the astrocytes by promoting EAAT1 and EAAT2
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expression. Its activity is likely regulated by MEK1-MEK2-ERK
as their inhibitors completely abrogated the DOP receptor-
induced expression of astrocytic EAAT1 and EAAT2. Further
studies to reaffirm the differential regulation of MAPKs in
neurons versus glia and the underlying mechanism are,
however, warranted.

Implication of DOP receptor-mediated
up-regulation of astrocytic EAATS

Our findings may provide a clue for new therapeutic strate-
gies against hypoxic/ischaemic injury as an enhanced capac-
ity for astrocytic uptake of excitatory amino acids helps
reduce neuroexcitotoxicity in hypoxic/ischaemic conditions.
To this end, we have started a new study on astrocytic DOP
receptor versus EAAT under hypoxic conditions to obtain
direct evidence for this point.

Moreover, neuroexcitotoxicity has been attributed to
pathophysiological changes in many neurodegenerative dis-
orders such as ALS. ALS is an adult motor neuron disease
clinically characterized by a progressive muscular weakness,
muscle atrophy, spasticity and eventually respiratory com-
promise. This brought forth the existing clinical heterogene-
ity of the disease and the postulation that the underlying
pathophysiological mechanisms are multifactorial. Although
the aetiology and pathogenesis of this malady remains essen-
tially unclear, glutamatergic dysfunction has been implicated
in the development of ALS besides the genetic involvement
(Beleza-Meireles and Al-Chalabi, 2009) since 1990 when
Plaitakis first hypothesized a defective excitatory amino acid
metabolism as the cause of ALS (Plaitakis, 1990). Glutamate is
required for normal functioning, while abnormally high
levels lead to excitotoxicity that offsets neuronal degenera-
tion and implicated in ALS. Removal of excess glutamate
from the extracellular space is rapidly achieved by EAATs, a
high-affinity sodium-dependent transporter system highly
expressed in astrocytes (Arriza et al., 1994; Liang et al., 2008).
Abundant evidence suggests that pathognomonic defect in
ALS is a dysfunction of the astrocytic EAATs that is also
implicated in other neurodegenerative diseases such as epi-
lepsy, Huntington’s disease, Alzheimer’s disease and ischae-
mic stroke injury (Tanaka etal., 1997; Shin etal., 2005;
Yamada ef al., 2006; Yamanaka et al., 2008). Many studies
have demonstrated the neuroprotective role of astrocytic
EAAT expression in in vitro and in vivo models of ischaemic
injury, motor neuron degeneration (Rothstein et al., 2005)
and Huntington’s disease (Shin et al., 2005). Some investiga-
tors have shown that transplanting the normal astrocytes to
mouse model of ALS enhances the EAAT2 expression and
declines disease progression (Sheldon and Robinson, 2007;
Kim et al., 2011), while others have demonstrated that the
loss or mutation of EAAT1 elevates extracellular glutamate
levels and induces neurological disorders (Rothstein et al.,
1996; Watanabe et al., 1999). Thus, up-regulation of astro-
cytic EAATSs expression might offer a prime therapeutic target
for acute and chronic neurological diseases, especially for
ALS. Results from our present study are novel and have the
potential to open grounds for discovering new treatment
options although needs more research for verification and
validation of our findings.

In conclusion, our study illustrates several exciting find-
ings: (i) DOP receptor activation enhances astrocytic EAAT1
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and EAAT2 expressions at both mRNA and protein levels; (ii)
DOP receptor activation accelerates astrocytic glutamate
uptake; and (iii) DOP receptor up-regulation of astrocytic
EAATs relies on MEK/ERK-p38 signalling, but is independent
of the PKA, PKC and PI3K pathways. Although further
research is required to endorse these findings especially with
respect to their clinical application, the novel association
between DOP receptor and astrocytic EAATs presented here
reconceptualizes and provides new opportunities to develop
novel therapies for hypoxic/ischaemic brain injury and neu-
rodegenerative disorders such as ALS.
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