1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Stroke. Author manuscript; available in PMC 2020 October 01.

-, HHS Public Access
«

Published in final edited form as:
Stroke. 2019 October ; 50(10): 2902-2911. do0i:10.1161/STROKEAHA.119.025940.

B-estradiol protects against acidosis-mediated and ischemic
neuronal injury by promoting ASIC1la protein degradation

Renpeng Zhou, PhD", Tiandong Leng, MD, PhD", Tao Yang, BS, Feihu Chen, MD, PhD, Wei
Hu, PhD, Zhigang Xiong, MD, PhD

Department of Pharmacology, the Second Hospital of Anhui Medical University, Hefei 230601,
China (R.Z., W.H.); Department of Neurobiology, Morehouse School of Medicine, Atlanta 30310,
USA (R.Z, T.L., TY,, Z.X.); and School of Pharmacy, Anhui Medical University, Hefei 230032,
China (F.C.).

Abstract

Background and Purpose——Gender differences in the incidence and outcome of stroke have
been well documented. The severity of stroke in women is, in general, significantly lower than that
in men, which is mediated, at least in part, by the protective effects of B-estradiol. However, the
detailed mechanisms underlying the neuroprotection by p-estradiol are still elusive. Recent studies
have demonstrated that activation of acid-sensing ion channel 1a (ASIC1a) by tissue acidosis, a
common feature of brain ischemia, plays an important role in ischemic brain injury. In the present
study, we assessed the effects of p-estradiol on acidosis-mediated and ischemic neuronal injury
both in vitro and in vivo and explored the involvement of ASIC1a and underlying mechanism.

Methods——Cultured neurons and NS20Y cells were subjected to acidosis-mediated injury in
vitro. Cell viability and cytotoxicity were measured by MTT and lactate dehydrogenase (LDH)
assays, respectively. Transient (60 min) focal ischemia in mice was induced by suture occlusion of
the middle cerebral artery (MCAOQ) in vivo. ASIC currents were recorded using whole-cell patch-
clamp technique while intracellular Ca2* concentration was measured with fluorescence imaging
using Fura-2. ASIC1a expression was detected by western blotting and quantitative real-time PCR.

Results——Treatment of neuronal cells with p-estradiol decreased acidosis-induced cytotoxicity.
ASIC currents and acid-induced elevation of intracellular Ca2* were all attenuated by B-estradiol
treatment. In addition, we showed that -estradiol treatment reduced ASIC1a protein expression
which was mediated by increased protein degradation and that estrogen receptor a was involved.
Finally, we showed that the level of ASIC1a protein expression in brain tissues and the degree of
neuroprotection by ASIC1a blockade were lower in female mice, which could be attenuated by
ovariectomy.

Conclusions——-estradiol can protect neurons against acidosis-mediated neurotoxicity and
ischemic brain injury by suppressing ASIC1a protein expression and channel function.

To whom correspondence should be addressed: Wei Hu, MD, PhD, Department of Pharmacology, The Second Hospital of Anhui
Medical University, Hefei 230601, China, Tel: +8655163806057; ayfyhuwei@163.com; Zhi-Gang Xiong, MD, PhD, Department of
Neurobiology, Morehouse School of Medicine, Atlanta, GA 30310, Tel: +404-752-8683;, zxiong@msm.edu.

Drs R. Zhou and T. Leng contributed equally.

Disclosures None.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Keywords

Page 2

acid-sensing ion channels (ASICs); p-estradiol; cytotoxicity; degradation; ischemic stroke;
neuroprotection

Introduction

Stroke is one of the most common causes of morbidity and mortality worldwidel. The
incidence of stroke increases with age, but is relatively lower in female than male2 3. This
sex difference in stroke is reduced when comparing postmenopausal women with men®.
Although tissue plasminogen activator has long been approved for the treatment of ischemic
stroke, there has been limited success®. Searching for new therapeutic interventions for the
majority of stroke patients is still a major challenge, even after recent progresses in
endovascular thrombectomy®: 7. It has been demonstrated that neuroprotective agents could
reduce stroke damage and prolong the thrombolytic treatment window8. Estrogens, a family
of cholesterol-derived steroid hormones, have been shown to be protective against a variety
of injuries including ischemic stroke® 10. However, the detailed mechanisms are not clear.

Tissue acidosis is a common phenomenon of ischemia. Brain tissue pH can typically fall
below 6.0 during severe ischemia, which aggravates ischemic brain injury!-13, Acid-
sensing ion channels (ASICs) are proton-gated cation channels belonging to the degenerin/
epithelial sodium channel superfamily# 15, To date, six subunits encoded by four genes
have been identified6. ASIC1a and ASIC2a are the major functional ASIC subunits
expressed in central neurons®: 17, Previous findings by our own and others have clearly
demonstrated that activation of ASIC1a is involved in acidosis-mediated and ischemic
neuronal injuryl: 18.19 suggesting that ASIC1a is a potential therapeutic target for ischemia
strokell 2021,

Numerous studies have demonstrated that female animals suffer much less brain infarction
than males in response to ischemia22 23, Furthermore, direct administration of B-estradiol in
animals has been shown to reduce brain injury after stroke22: 24, It has been suggested that
the neuroprotective effects of p-estradiol may be caused by its actions on oxidative stress,
excitotoxicity, and inflammatory response?®: 26, However, the potential neuroprotective
benefits and mechanisms of p-estradiol against acidosis-mediated neurotoxicity remain
unclear. Here, we demonstrate that p-estradiol can protect neurons against acidotoxicity and
ischemic injury by down-regulating ASICla protein expression and function.

Material and methods

Animals

The data that support the findings of this study are available from the corresponding authors
on reasonable request.

Adult C57BL6 male and female mice (25-30 g, 8 weeks-old), ovariectomized (OVX) female
mice, and pregnant Swiss mice were purchased from Charles River. Animals were randomly
assigned to different treatment groups and the person who performed animal studies was
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blinded to the treatments. The experimental procedure for the use of mice in primary
neuronal culture and surgery was approved by the Institutional Animal Care and Use
Committee of Morehouse School of Medicine.

Mouse cortical neurons were cultured as described previously2”: 28. Neurons were cultured
with Neurobasal medium supplemented with B-27 and glutamine. Culture medium was
changed every three days and neurons were used 12-16 days after plating. NS20Y cells,
derived from mouse neuroblastoma, were cultured in Dulbecco’s Modified Eagle’s Medium
(Invitrogen), supplemented with 10% fetal bovine serum (Gibco) and 1% antibiotics, as
described?®.

Electrophysiology

ASIC currents were recorded using patch-clamp techniques as described previously?L.
Currents were activated 90 seconds apart to achieve a complete recovery from
desensitization. A multi-barrel perfusion system (SF-77 Warner Instruments) was used to
obtain rapid changes of extracellular solutions. Unless otherwise stated, cells were clamped
at a holding potential of —60 mV. Pipette solution contained (in mmol/L): 140 CsF, 1 CaCly,
2 MgCly, 11 EGTA, 2 tetraethylammonium chloride, 10 HEPES and 4 MgATP, pH 7.3
adjusted with CsOH, 290 to 300 mOsm. Extracellular fluid/solution (ECF) contained (in
mmol/L): 140 NaCl, 5.4 KClI, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES (pH 7.4 or pH
6.0 adjusted with NaOH/HCI; 320-330 mOsm). PcTX1 (Peptide International) was
dissolved in ddH,0 at 20 umol/L before adding to extracellular solutions.

Ca?* imaging

Intracellular Ca?* was imaged using fluorescent dye Fura-2, as described previously?: 30,
Cortical neurons grown on glass coverslips were incubated in ECF with 5 pmol/L Fura-2
AM at room temperature for 30 min, and then washed and incubated in normal ECF for
another 30 min. Coverslips with neurons were transferred to a fast perfusion chamber on an
inverted microscope (Nikon TE300, Nikon) illuminated using a xenon lamp (75W) and
observed with a x40 oil-immersion objective lens. Digitized images were acquired and
analyzed by Axon Imaging Workbench software (AIW, Axon Instruments). Images were
acquired at an emission wavelength of 510 nm. Ratio images of 340 nm/380 nm were
analyzed by averaging pixel ratio values in circumscribed regions of neurons in the field of
view.

Western blotting analysis

Total proteins were isolated as described previously?®: 31, Cells were lysed in M-PER™
Mammalian Protein Extraction Reagent with protease inhibitor and phosphatase inhibitor
cocktail (Thermo Fisher Scientific). After centrifugation at 13,000 g for 15 min at 4 °C, the
lysates were collected and mixed with Laemmli sample buffer (2x), and then boiled for 10
min. Protein concentrations were measured using the Bio-Rad protein assay kit. Proteins
were separated by 10 % SDS-polyacrylamide gels and then transferred to PVDF
membranes. After blocking, blots were probed with antibodies against ASIC1a (rabbit anti-
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mouse, 1:1000; Gift from Dr. Xiang-Ming Zha, University of South Alabama) and p-actin
(Abcam, 1:1000) followed by horseradish peroxidase-conjugated secondary antibodies
(Thermo Fisher Scientific, 1:1000). The signals were visualized using an ECL kit
(Millipore), and images were acquired using ImageQuant LAS 4000.

Immunofluorescence staining

Neurons cultured on glass coverslips were treated with p-estradiol (1 pmol/L) for 48 h. The
cells were fixed with acetone at —20 °C for 15 min, followed by permeabilization in PBS
containing 0.3% Triton X-100 for 10 min. After being blocked with 5% bovine serum
albumin, the slides were incubated with anti-ASIC1a antibody (1:100) at 4°C overnight, and
then incubated with secondary antibodies for 1 h at room temperature.

Quantitative real-time PCR

Total RNAs were isolated by TRIzol reagent (Invitrogen) and cDNA was synthesized using
the iScript Select cDNA synthesis kit (Bio-Rad Laboratories) according to manufacturer’s
protocols. Quantitative real-time PCR was performed with iQ SYBR® Green supermix
(Bio-Rad) in C1000™ Thermal cycler (Bio-Rad). The PCR amplification cycles consisted of
denaturation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 5 s, and annealing/
extension at 61°C for 10 s, followed by detection of melting curve from 65°C to 95°C.
Primers were synthesized by Invitrogen as following: for ASIC1a, forward, 5’-
GGCCAACTTCCGTAGCTTCA-3’ and reverse, 5’-ATGCCCTGCTCTGTCGTAGAA-3’;
for p-actin, forward, 5’-AGCCATGTACGTAGCCATC-3’ and reverse, 5’-
CTCTCAGCTGTGGTGGTGAAC-3’. B-actin was used as an endogenous control, and
AACt values were calculated after g-actin normalization. Relative levels of target mMRNAS
were calculated as 27AACt,

Fluorescein diacetate/propidium iodide (FDA/PI) staining

Staining of the alive/dead cells was performed at 24 h after the beginning of 1-3 h acid
treatment using ECF (pH 6.0) as described previouslyl: 32, Briefly, cells were incubated
with normal medium containing FDA (3 mg/ml) and PI (5 mg/ml) for 5 min. Live (FDA
positive) and dead (Pl-positive) cells were observed and counted with a fluorescent
microscope (Nikon Eclipse Ti-S, Nikon) at excitation/emission wavelengths of 585 nm/615
nm for Pl and 470 nm/535 nm for FDA.

Lactate dehydrogenase (LDH) assay

Cytotoxicity was measured using LDH assay kit (Roche Diagnostics), as described in our
previous studies!. After 48 h exposure to B-estradiol (1 pmol/L), NS20Y cells were washed
two times with normal ECF and then incubated in pH 7.4 or pH 6.0 ECF for 3 h and
followed by a wash (two times) and incubation in normal culture medium for 21 h. Cultured
mouse cortical neurons were treated with the indicated ECF for 1 h and followed by 23 h
incubation in normal medium. At the end of the experiments, 50 /4 culture medium was
transferred from each well into a 96-well plate for measurement of LDH release. For
obtaining the maximal releasable LDH, cells were incubated with Triton X-100 (final
concentration 0.5 %) for 30 min at room temperature.
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MTT assay was performed as described in our previous studies33. NS20Y cells were seeded
in 96-well plates overnight and then incubated with fresh medium containing p-estradiol or
vehicle for various lengths of time. After the treatments, cell viability was detected by
Vybrant® MTT Cell Proliferation Assay Kit (Thermo Fisher Scientific). Absorbance values
were measured at 570 nm using a microplate reader (Molecular Devices).

Ischemic stroke models

Transient (60 min) focal ischemia was induced by suture occlusion of the middle cerebral
artery (MCAO), as described previously!l. Mice were anesthetized using a mixture of 1.5%
isoflurane, 70% N-,O, and 28.5% O,. Transcranical LASER doppler was used to monitor the
change of the cerebral blood flow. Only the mice with a blood flow dropped to below 20%
of the normal value were used for data analysis. After 24 hours of ischemia, mice were
euthanized and the brains were dissected. Coronal sections at 1 mm intervals were prepared
and stained with 2% vital dye 2,3,5-triphenyltetrazolium hydrochloride (TTC). Infarct
volume was calculated by summing the infarcted areas (pale) of all sections and multiplying
by the thickness of the sections. Intracerebroventricular injection was performed as
described previously1.

Statistical analysis

Results

All data are expressed as mean + SEM. Groups were compared using one-way analysis of
variance followed by Dunnett’s test or unpaired Student’s ftest as appropriate. Groups in /n
vivo experiment were compared using two-way ANOVA. p<0.05 was regarded as
statistically significant.

p-estradiol attenuates acidosis-induced cytotoxicity in vitro

To explore whether B-estradiol has an effect on acidosis-induced neuronal injury, we first
examined acid-induced toxicity of cultured mouse cortical neurons and NS20Y cells with
and without pretreatment of p-estradiol. MTT assay showed that cell viability was not
affected by B-estradiol treatment alone (48 h) at 0.125-2 pmol/L (Figure 1A). Compared to
NS20Y cells treated at pH 7.4, 3 h acid incubation (pH 6.0) decreased cell viability.
Pretreatment of B-estradiol (1 umol/L, 48 h) attenuated acidosis-induced decrease in cell
viability (Figure 1A). In addition, we analyzed acidosis-induced cell injury by measuring
LDH release, as described previously!: 30, As shown in Figure 1B, acid incubation for 3 h
dramatically increased LDH release in both types of cells. It has been previously established
that activation of ASIC1a plays an important role in acidosis-induced neuronal injury® 12,
As expected, addition of PcTX1, an ASIC1a inhibitor, largely attenuated acidosis-induced
cytotoxicity (Figure 1B). Similar to PcTX1, pretreatment of cells with p-estradiol (1 pmol/L,
48 h) also reduced LDH release. Combined treatment of B-estradiol and PcTX1 however did
not produce additional protection beyond PcTX1 alone (Figure 1B), suggesting that
inhibiting ASIC1a channel is likely involved in B-estradiol-mediated protection. Consistent
with LDH assay, acid exposure induced cell body deformation was attenuated by p-estradiol
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or PcTX1 treatment (Figure 1C). To provide more evidence that p-estradiol is protective
against acidosis-mediated cell injury, we also performed fluorescent staining of live and
dead cells. As shown in Figure 1D, Pl positive cells (dead) were increased in pH 6.0 group
but were decreased by p-estradiol pretreatment in both cortical neurons and NS20Y cells.
Together, these findings indicated that B-estradiol attenuates acidosis-induced and ASIC1la-
mediated cell death.

B-estradiol treatment suppresses ASIC currents and acid-induced [Ca2*]; elevation

To know whether the protective effect of p-estradiol is mediated by a change in ASICla
activity, we first determined whether an acute application of p-estradiol has an effect on
ASIC currents. ASIC currents were activated by decreasing extracellular pH from 7.4 to
6.011. To examine the effect of B-estradiol on ASIC currents, we added 1 umol/L B-estradiol
to the pH 7.4 and pH 6.0 extracellular solutions for up to 10 min. As shown in Figure 2A
and B, 10 min application of B-estradiol did not alter the amplitude of ASIC currents in
NS20Y cells and mouse cortical neurons. Next, we explored whether a chronic application
of B-estradiol (1 pmol/L, 48 h) has any effect on ASIC currents. As shown in Figure 2C, 48
h pretreatment with B-estradiol significantly inhibited ASIC currents in NS20Y cells and
mouse cortical neurons. The amplitude of ASIC currents was suppressed by ~44.93%

+ 6.95% (n=23 and 36, p<0.001) and 36.18% * 7.92 % (n=27 and 30, p<0.01) of control
values in cortical neurons and NS20Y cells, respectively. Similar to its effect on ASIC
currents, treatment of neurons with 48 h p-estradiol dramatically inhibited acid-induced
[CaZ*]; elevation (Figure 2D). Together, these findings suggested that chronic treatment of
neurons with B-estradiol can reduce the activity/function of ASIC1a channels.

p-estradiol decreases ASIC1la protein expression

To investigate whether the inhibition of ASIC currents by p-estradiol is mediated by a
change in ASIC1la protein expression, NS20Y cells and cortical neurons were treated with
B-estradiol (10 nmol/L - 1 pmol/L) or vehicle for 24 — 72 h followed by a measurement of
ASICla protein expression. As shown in Figure 3A and B, pretreatment with p-estradiol
caused a concentration- and time-dependent decrease in ASIC1a protein level in NS20Y
cells. Similar to NS20Y cells, treatment of mouse cortical neurons with p-estradiol (1
umol/L for 48 h) also suppressed the ASIC1a protein expression (Figure 3C). In contrast to
B-estradiol, treatment of neurons with 1 pmol/L a-estradiol for 48 h did not produce a clear
change in the level of ASIC1a protein (Figure 3D).

p-estradiol promotes ASICla protein degradation

Next, we determined whether the reduction of ASIC1a protein expression by p-estradiol is
mediated by a decrease in mRNA expression or an increase in protein degradation.
Quantitative real-time PCR analysis showed that B-estradiol treatment did not affect the
transcription level of ASIC1a (Figure 4A). To examine the possibility that the decrease in
ASIC1la protein expression by B-estradiol is caused by increased protein degradation,
NS20Y cells were treated with CHX (10 umol/L) for 0-6 h to block new protein synthesis.
The effect of p-estradiol on ASIC1a protein expression was then analyzed by Western
blotting with or without CHX treatment. As shown in Figure 4B, regardless of p-estradiol
treatment, the level of ASIC1a protein decreased gradually with time after blocking the
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protein synthesis. However, it decreased at a much faster rate in p-estradiol-treated cells.
After a 4 h treatment, for example, only 54.42% + 16.01% of the initial level of ASICla
protein remained in p-estradiol-treated cells, whereas 78.67% + 13.09% was still present in
solvent-treated cells (Figure 4B). These findings suggested that p-estradiol promotes
ASICla protein degradation.

Estrogen receptor is involved in B-estradiol-induced change of ASIC1la protein expression

To investigate whether estrogen receptor (ER) is involved in the reduction of ASIC1a protein
expression by p-estradiol, we first determined the expression of ERa and ERp in NS20Y
cells. Western blotting results showed that ERa protein, but not ERp, is expressed in NS20Y
cells (Figure 5A). In this experiment, MCF-7, a breast cancer cell line that has high level
expression of ERa and ER, was used as a positive control. We found that the decrease of
ASIC1la protein level by B-estradiol treatment (Figure 5B) was completely blocked by 1
pumol/L ICI 182 780, an antagonist of estrogen receptors. These results suggested that ERa,
but not ER, is involved in B-estradiol induced decrease of ASIC1a protein expression.

Inhibition of ASICla expression is involved in estrogen-mediated neuroprotection in vivo

To confirm the relationship between estrogen-mediated neuroprotection and ASICla
expression /n vivo, we first investigated whether there is a difference in the expression of
ASICla in cerebral cortex of male and female mice. The results showed that the level of
ASICla protein expression is significantly higher in the cortex of male mice than that of
female mice (Figure 6A). As ASIC1a plays an important role in ischemic brain injury, we
speculated that there would be a difference in the severity of ischemic stroke and sensitive to
ASIC1a blockade between male and female mice. Consistent with previous findings?2: 23,
infarct volume in male mice produced by 60 MCAQO was clearly larger than that in female
mice (Figure 6B). A total of 1 L artificial CSF (aCSF) alone or aCSF-containing PcTX1 (1
uUM) were injected intracerebroventricularly 1 h after the start of ischemia. As expected,
infarct volume was significantly reduced by PcTX1 in both male and female mice. However,
the reduction of infarct volume by PcTX1 in male mice (63.01% =+ 4.68% reduction) is
clearly larger than that in female mice (38.07% + 10.11% reduction). This finding is
consistent with a reduced ASIC1a protein expression in female mice (Figure 6B).

To provide evidence that estrogen plays a role in reduced ASIC1a expression and stroke-
mediated brain injury in female mice, we examined ASIC1a expression in female-sham and
female-ovariectomized (OVX) mice. As shown in Figure 6C, 4 weeks after OV X, the level
of ASIC1a protein expression in cerebral cortex was increased compared to that of sham
female mice. This data further suggests that estrogen plays a role in the reduction of ASICla
expression in female mice. As expected, infarct volume was significantly increased in OVX
female group as compared with sham female group (Figure 6D). In addition, PcTX1 showed
more protection against stroke injury in OV X female mice than in sham female mice (Figure
6D, n=7-8). Collectively, our /n vitroand in vivo data strongly suggest that B-estradiol
mediated inhibition of ASIC1a expression/activity is, at least partially, responsible for its
neuroprotective effect in female mice.
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Discussion

In the present study, we explored the effect of B-estradiol on acidosis-induced neurotoxicity
and ischemic brain injury and determined the underlying mechanism. We first showed that
B-estradiol protected NS20Y cells and mouse cortical neurons against acidosis-induced
cytotoxicity. We then demonstrated that treatment of neurons with p-estradiol (e.g. 48 h)
significantly reduced the ASIC currents and acid-induced [Ca2*]; elevation. Furthermore, we
showed that p-estradiol treatment suppressed ASIC1a protein expression, which was
mediated by increased protein degradation. Finally, we demonstrated that the level of
ASICla protein expression is significantly lower in cerebral cortex of female mice which is
correlated with a lower degree of stroke damage and protection by ASIC1a inhibitor. These
differences can be however attenuated by overiectomy. Together, these results indicated that
B-estradiol can protect neurons against acidosis-mediated neurotoxicity and ischemic brain
injury by reducing ASIC1a protein expression and channel function.

Stroke is a leading cause of death and long-term disability worldwide. Unfortunately, the
effectiveness of current therapies is limited. For decades, neuroprotectants such as NMDA
receptor antagonists have shown promise in experimental studies but failed in clinical trials
due to limited treatment time window and/or intolerable side effects. Therefore, it is of great
clinical significance to actively search for new targets and strategies. Local tissue
acidification is a common feature of brain ischemia, which induces neuronal injury and is
implicated in a number of neurological disorders including strokell: 34, ASICs are widely
distributed in central and peripheral neuronsl- 14, Previous studies by us and others have
clearly demonstrated that activation of ASIC1a is largely responsible for acidosis-induced
neurotoxicity and ischemic brain injuryll: 28, In addition, blockade of ASIC1a activity by
PcTX1 can have a prolonged therapeutic time window?°. Thus, ASIC1a channel may serve
as a novel therapeutic target for ischemic stroke?: 30,

Previous studies have shown that B-estradiol has an effect on voltage-gated and ligand-gated
ion channels such as BK channels, T-type and L-type Ca2* channels and glutamate receptor
channels?5: 3536 Qu et al have reported that 17@-estradiol could acutely enhance ASIC3-
like currents in rat dorsal root ganglia neurons3”. However, the role of B-estradiol in
modulating the activity/function of ASICla in mouse cortical neurons was unknown. Our
present results showed that chronic B-estradiol exposure (48 h) could reduce ASIC1a current
and ASIC1a-mediated Ca2* influx by inhibiting ASIC1a protein expression. These findings
are not surprising since ASICla and ASIC3 channels have distinct responses to modulators
and/or pharmacological agents. One example is that amiloride, a commonly used blocker of
most ASIC channels, paradoxically potentiates the ASIC3 current38.

Estrogen is a potent neuroprotective agent3?. For example, it has been reported that -
estradiol can attenuate glutamate-induced cytotoxicity and hydrogen peroxide-induced
apoptosis?® 40, Our present studies provided the first and strong evidence suggesting that
estrogen is effective in protecting against acidosis-induced and ASICla-mediated neuronal
injury. Consistent with a reduction of ASIC1a activity/expression by p-estradiol, relative
protection against acidosis-induced damage by PcTX1 is higher in the absence of p-estradiol
than that in the presence of B-estradiol. Together, these results suggest that p-estradiol can
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protect against acidosis-induced neurotoxicity by reducing ASIC1a protein expression and
channel function.

The biological effects of p-estradiol are mainly mediated through its interaction with the
nuclear estrogen receptors (ERs), ERa and ERBL. Previous studies have shown that -
estradiol can modulate cell membrane receptors and ion channel function through its
interaction with ER#2 43, Our present results showed that ERa., but not ERB, was expressed
in NS20Y cells (Figure 5A). Pretreatment with 1C1 182 780, a high affinity estrogen nuclear
receptor antagonist, completely blocked B-estradiol-mediated decrease of ASIC1a protein
expression.

Epidemiological data demonstrated that premenopausal women have a lower incidence and
severity of stroke compared to the same age men, indicating that estrogen has a protective
effect?®. The removal of estrogen by ovariectomy resulted in an aggravation of the stroke
damage that can be reversed by exogenously administered estrogen® 1922 Qur present
results also showed that the infarct volume in males is bigger than that in females. In
addition, we observed a clear difference in the expression level of ASIC1la in cerebral cortex
of male and female mice. Consistent with this difference, ASIC1a inhibitor PcTX1 provided
more protection against ischemic brain injury in male mice than in female mice. These
differences were however attenuated by OV X, further supporting a role for estrogen in
regulating the level of ASIC1a expression and ischemic brain injury. In line with our current
findings, a recent study has shown that the expression levels of ASIC1 and ASIC2 were
increased in bone tissue and bone marrow cells from OV X female mice compared with sham
female mice®.

With a very short estrous cycling period (3-5 days), female mice could be in different cycles
and therefore estrogen levels could be different, thus increasing the variation of the results.
To avoid the fluctuating estrogen level in our experiments, future studies will consider using
two additional groups of mice to further investigate the estrogen’s effects on ASICla: OVX
+vehicle vs. OVX+E2 (pellets).

Conclusions

In summary, the present study suggested that neuroprotection of B-estradiol is, at least
partially, mediated by down-regulating ASIC1a expression and function. Our findings
highlight a novel mechanism underlying the protective effect of B-estradiol and disclose
potential future therapeutic strategies for stroke treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
B-estradiol attenuates acidosis-induced cytotoxicity. A and B, Viability and cytotoxicity in

NS20Y cells and mouse cortical neurons were measured at 24 h after acid treatment by MTT
and LDH assays. C, Representative phase-contrast images showing NS20Y cells taken after
treatment with the indicated solutions (x200 magnification). D, Analysis of acid-induced
injury with fluorescein diacetate (FDA, alive) and propidium iodide (PI, dead) (x200
magnification). ***/<0.001 versus control (pH 7.4). #<0.05, ##P<0.01, ##P<0.001 versus
pH 6.0.
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Figure2.
B-estradiol suppress ASIC currents and acid-induced [Ca2*]; elevation. A, ASIC currents in

cortical neurons were recorded after treatment with p-estradiol (1 pmol/L) for 10 min. B,
ASIC currents in NS20Y cells were recorded after p-estradiol (1 pmol/L) treatment for 10
min. C, ASIC currents were recorded after treatment with B-estradiol for 48 h. D, Acid-
induced [Ca%*]; was elevated in cortical neurons after B-estradiol treatment (48 h).
**p<0.01, ***P<0.001 versus control.
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Figure 3.

B-estradiol down-regulates ASIC1a protein expression. A, ASIC1a protein expression in
NS20Y cells were measured after treatment with p-estradiol (1 pmol/L) for 48 h. B, ASICla
protein expression in NS20Y cells were measured after 10 nmol/L-1 umol/L p-estradiol
treatment for (24 — 72 h). C, ASIC1a protein expression in cultured mouse cortical neurons
were measured after 1 pmol/L B-estradiol treatment for 48 h. D, ASIC1la protein expression
in NS20Y cells were measured after 1 umol/L a-estradiol treatment for 48 h. */2<0.05,
**p<0.01, ***P<0.001 versus control.
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Figure 4.

B-estradiol promotes ASIC1a protein degradation. A, NS20Y cells were treated with 1
pumol/L p-estradiol for 24-72 h followed by detecting mRNA expression with gRT-PCR. B,
NS20Y cells were treated by cycloheximide (CHX) with or without B-estradiol pretreatment

for 42-46 h. *P<0.05, **£<0.01 versus CHX.
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Figure5.
ER antagonist ICI 182 780 suppresses p-estradiol-induced decrease of ASIC1a protein

expression in NS20Y cells. A, Expression of ERa and ERp protein in NS20Y cells. MCF-7,
a breast cancer cell line, was used as a positive control. B, ASIC1a protein expression was

analyzed by Western blot after treatment with ICI 182 780 with or without B-estradiol.
*** pc().001 versus control. ##P<0,001 versus p-estradiol.
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Changes in the level of ASIC1a protein express
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ion are involved in estrogen-induced

neuroprotection in vivo. A, ASIC1la protein expression in male and female mouse cortex. B,
TTC-stained sections showing infarction area in brains from aCSF-injected or PcTX1-

injected male and female mice. C, ASIC1a prot

ein expression in Sham-female and OV X-

female mouse cortex. D, TTC-stained brain sections showing infarction area in brains from

aCSF-injected or PcTX1-injected Sham-female
were applied 30 min prior to MCAO. *£/<0.05,

and OV X-female mice. PcTX1 and aCSF
**<0.01, ***P<0.001 versus male or Sham-

female group. #/£<0.05, ##P<0.001 versus PcTX1-OVX group.
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