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Abstract

G-protein-coupled estrogen receptor-30 (GPR30), also known as G-protein estrogen receptor-1

(GPER1), is a putative extranuclear estrogen receptor whose precise functions in the brain are

poorly understood. Studies using exogenous administration of the GPR30 agonist, G1 suggests

that GPR30 may have a neuroprotective role in cerebral ischemia. However, the physiological role

of GPR30 in mediating estrogen (E2)-induced neuroprotection in cerebral ischemia remains

unclear. Also unclear is whether GPR30 has a role in mediating rapid signaling by E2 after

cerebral ischemia, which is thought to underlie its neuroprotective actions. To address these

deficits in our knowledge, the current study examined the effect of antisense oligonucleotide (AS)

knockdown of GPR30 in the hippocampal CA1 region upon E2-BSA-induced neuroprotection and

rapid kinase signaling in a rat model of global cerebral ischemia (GCI). Immunohistochemistry

demonstrated that GPR30 is strongly expressed in the hippocampal CA1 region and dentate gyrus,

with less expression in the CA3 region. E2-BSA exerted robust neuroprotection of hippocampal

CA1 neurons against GCI, an effect abrogated by AS knockdown of GPR30. Missense control

oligonucleotides had no effect upon E2-BSA-induced neuroprotection, indicating specificity of the

effect. The GPR30 agonist, G1 also exerted significant neuroprotection against GCI. E2-BSA and

G1 also rapidly enhanced activation of the prosurvival kinases, Akt and ERK, while decreasing

proapototic JNK activation. Importantly, AS knockdown of GPR30 markedly attenuated these

rapid kinase signaling effects of E2-BSA. As a whole, the studies provide evidence of an

important role of GPR30 in mediating the rapid signaling and neuroprotective actions of E2 in the

hippocampus.

Keywords

Estrogen; Estradiol; GPR30; GPER1; hippocampus; neuroprotection; extranuclear; ischemia

© 2014 Elsevier Ireland Ltd. All rights reserved.
*Corresponding Authors: Ruimin Wang, Ph.D., Professor, Co-Director, Neurobiology Institute, Medical Research Center, Hebei
United University, Tangshan, China, minruiwang@gmail.com. Darrell Brann, Ph.D., Regents’ Professor, Georgia Regents University,
Augusta GA 30912, dbrann@gru.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2015 April 25.

Published in final edited form as:
Mol Cell Endocrinol. 2014 April 25; 387(0): 52–58. doi:10.1016/j.mce.2014.01.024.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Introduction

17β-Estradiol (E2, estrogen) is a pleotropic hormone with multiple sites of action and effects

throughout the body. In the brain, E2 has been implicated to regulate several key processes,

including reproductive function, feeding and sexual behavior, cognition and memory, and to

exert neurotrophic and neuroprotective functions [1–7]. Classically, E2 has been thought to

exert its actions through a genomic mechanism involving binding to either estrogen

receptor-α (ER-α) or estrogen receptor-β (ER-β) in the nucleus, with recruitment of

cofactors and formation of a transcriptional regulatory complex that leads to regulation of

the transcription of a variety of genes [1, 8].

In addition to a genomic mechanism of action, evidence has been mounting for a rapid

signaling mechanism for E2 that is mediated by extranuclear estrogen receptors (ERs) [1, 8–

11]. Along these lines, E2 has been shown to exert rapid (within minutes) activation of ion

channel conductance and kinase signaling pathways in multiple tissues and cell types in the

body [6, 12–19]. Furthermore, utilization of cell impermeable conjugates of E2, such as E2-

BSA (bovine serum albumin) or E2 dendrimers (EDC), have been shown to rapidly activate

kinase signaling pathways in vivo and in vitro, including pro-survival kinases such as

extracellular regulated kinases-1,2 (ERK1,2) and Akt [20–24]. For instance, work by our

laboratory showed that in vivo administration of E2-BSA or EDC into the lateral

cerebroventricle rapidly enhances prosurvival ERK and Akt activation, while inhibiting

activation of proapoptotic c-jun-n-terminal kinase (JNK). These rapid signaling effects of

the E2 conjugates were correlated with robust neuroprotection in the rat hippocampal CA1

region against global cerebral ischemia (GCI) [20].

An important question is what is the identity of the extranuclear ER that mediates these

rapid signaling and neuroprotective effects of E2 in the brain? While classical ERα and ERβ
are primarily localized in the nucleus, a number of studies have shown that they can be

trafficked and localized to the membrane in neurons [8, 11, 25]. Interestingly, both ERα and

ERβ-specific agonists have been shown to exert neuroprotection against cerebral ischemia

[26, 27]. In particular, ERα has been implicated to participate in mediating the

neuroprotective effects of E2 as evidenced by ER knockout mouse studies [28–30], as well

as by ERα antisense knockdown studies [31].

Recently, a novel G-protein-coupled estrogen receptor, GPR30 (also called GPER1 – G-

protein estrogen receptor-1) was cloned in the human and implicated to participate in

mediating estrogen signaling and actions in various tissues [32–36]. GPR30 has been shown

to be localized at extranuclear sites, including the plasma membrane, endoplasmic

reticulum, golgi, and dendritic spines in the brain [37–40]. The potential role of GPR30 in

mediating rapid estrogen signaling and neuroprotection in the brain has only recently begun

to be addressed. The majority of the studies to date have used a GPR30 agonist, G1, to

explore the effect of exogenous activation of GPR30 in the brain. These studies have

revealed that G1 can attenuate glutamate-induced cell death in cultured cortical and

hippocampal neurons in vitro [33, 41] and attenuate focal and global cerebral ischemia-

induced neuronal cell death in vivo [34, 41, 42]. While these studies clearly demonstrate that

Tang et al. Page 2

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 April 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



exogenous activation of GPR30 can exert neuroprotection, they do not prove a role for

endogenous GPR30 in mediating E2-induced neuroprotection. Additional studies such as

knockdown or knockout approaches are needed to more definitively confirm a role of

GPR30 in mediating E2-induced rapid signaling and neuroprotection. To address this issue,

the current study utilized an in vivo antisense oligodeoxynucleotide knockdown approach to

attenuate GPR30 expression in the hippocampal CA1 region and determine the effect upon

the ability of E2-BSA to induce rapid membrane-mediated kinase signaling and

neuroprotection in an animal model of GCI. The results reveal an important role of GPR30

in mediating rapid kinase activation and neuroprotection by E2 in the hippocampal CA1

region.

Materials and Methods

Antibodies

GPR30 (SC-48525-R, rabbit), p-AKT1Ser473 (SC-7985-R, rabbit), ERK1/2 (SC-94-G, goat),

p-ERK1/2Tyr204 (sc-7383, mouse), JNK (sc-572, rabbit), p-JNKThr183,Tyr185 (SC-6254,

mouse) and β-actin (SC-5286, mouse) antibodies, and GPR30 blocking peptide (SC-48525

P) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, U.S.). NeuN

(MAB377) antibody was from Merck Millipore (MA, U.S.). AKT (C67E7, rabbit) antibody

was from Cell Signaling Technology. GPR30 agonist G1 was from Calbiochem/EMD

Millipore (Darmstadt, Germany).

Animals

Adult female Sprague Dawley rats weighing 250–300g, aged 3 months, were used in this

study. All procedures were approved by the local legislation for ethics of experiments on

animals. All rats were allowed free access to food and water before the operation under

optimal conditions (12 h light: 12 h darkness cycle, 22°C).

Global Cerebral Ischemia (GCI)

Female rats were bilaterally ovariectomized, and 1w later, GCI was induced by 4-vessel

occlusion as described previously [31, 43]. Briefly, the rats were anesthetized with 10%

chloral hydrate (350 mg/kg, i.p.), the vertebral arteries were electrocauterized and the

common carotid arteries (CCA) were exposed. After 24 h, the rats were anesthetized using

isoflurane anesthesia and the CCA were re-exposed and clipped by artery clips for 10 min

followed by reperfusion. Rats that lost their righting reflex within 30 seconds and whose

pupils were dilated and lost response to light during ischemia were selected for the

experiments. Rectal temperature was maintained at 37±0.5°C using a thermal blanket during

ischemia. Sham-operated animals underwent the same surgical procedures without occlusion

of the CCA.

Drug Administration

To investigate the role of GPR30 in E2-BSA signaling and neuroprotection in the

hippocampal CA1 region following GCI, 10 nmol of GPR30 anti-sense oligonucleotide (AS,

synthesized by Integrated DNA Technologies, Inc.) or mismatch-sense oligonucleotide (MS)

in 5μl TE buffer (10 mM Tris–HCl, 1 mM EDTA, PH 8.0) was unilaterally administrated by
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Intracerebroventricular (icv) injection of rats every 24h for 4 days. On the fourth day, 10

min GCI was performed 30 min after AS administration. The GPR30 agonist, G1 (50μg

dissolved in 5μl DMSO) or E2-BSA (10 μM in 5μl 0.9% saline) were bilaterally

administered by icv injection 60 min before induction of GCI. For icv injections, the rats

were placed on ear bars of a stereotaxic instrument under isoflurane anesthesia. The needle

of a Hamilton syringe was lowered into the right/left lateral ventricle using coordinates

(from the Bregma: AP:−0.8, M/L:±1.5, D/V: :−3.5). A total of 5 μl were injected at a rate of

1 μl/min, and then the needle was left in place for 5 min.

Sample preparation

Tissue sample preparation was performed as described previously by our group [31, 43].

Briefly, the hippocampal CA1 region was microdissected from both sides of the

hippocampal fissure and quickly frozen in liquid nitrogen. Tissues were homogenized in a

1:10 (w/v) ice-cold homogenization buffer for 10 min consisting of 50 mM MOPS (pH 7.4),

150 mM NaCl, 20 mM β-glycerophosphate, 3 mM DTT, 2 mM Na3VO4, 1 mM EGTA,

1mM EDTA, 1mM NaF, 1% Triton X-100, 1% NP-40 and inhibitors of proteases and

enzymes (0.5 mM PMSF, 10mg/ml each of aprotinin, leupeptin, and pepstatin A). This was

followed by centrifugation at 15,000g for 15 min. The supernatant was removed and stored

at :−80°C until use. The protein concentrations were determined using a BCA protein assay

kit with bovine serum albumin (BSA) as the standard.

Western Blot Analysis

Western blot analysis was performed as described previously [31, 43]. Briefly, 100 μg

protein of each sample was heated at 100°C for 5 min with loading buffer containing 0.125

M Tris-HCL (PH 6.8), 20% glycerol, 4% SDS, 10% mercaptoethanol and 0.002%

bromphenol blue, then separated by 10% SDS-PAGE. The proteins were transferred onto

PVDF membranes (pore size, 0.25 μm). Blotting membranes were incubated with 3% BSA

in TBST (10 mM Tris (PH 7.5), 150 mM NaCl, 0.05% Tween-20) and probed with

corresponding primary antibodies at 4°C overnight. The membrane was conjugated with

fluorescently-labeled corresponding secondary antibodies at room temperature for 1h and

washed with washing buffer 3×10 min. Following Western blot analysis, bound proteins

were visualized using the Odyssey Imaging System (LI-COR Bioscience, Lincoln, NB), and

semi-quantitative analysis of the bands was performed with the Image J analysis software

(Version 1.30v; NIH, USA). Phospho-protein signals were expressed as a ratio to the

corresponding total protein, and the total proteins were expressed relative to β-actin in the

same sample. Normalized means were then expressed relative to the ratio for sham-treated

animals.

Quantification of Surviving Hippocampal CA1 Pyramidal Neurons

Seven days after GCI, anesthetized rats were perfused transcardially using 0.9% saline

followed by ice cold 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). Brains

were removed, placed in the same formalin at 4°C overnight, fixed in 30% sucrose in PB

and then the brains were cut longitudinally into 25μm sections with a cryostat. NeuN

staining was performed as described previously by our lab [31]. Briefly, sections were

washed with 0.1% PBS-Triton X-100 for 3×5 min and permeabilized with 0.4% Triton
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X-100 in PBS for 30 min. After incubation with blocking solutions containing 10% normal

donkey serum for 1 h at room temperature in PBS containing 0.1% Triton X-100, sections

were incubated in primary antibodies (mouse anti-NeuN, 1:1000) for 48 h at 4°C. Sections

were washed for 3×10 min, followed by incubation with Alexa Fluor 488 donkey anti-

mouse antibody (1:200) for 1 h at room temperature. Sections were then washed and

mounted using water-based mounting medium. Images were captured on a Confocal Laser

Scanning Microscope (Olympus FV1000). The number of NeuN-positive CA1 neurons per

1 mm length of the medial CA1 pyramidal cell layer was counted bilaterally in five sections

per animal. Cell counts from the right and left hippocampus on each of the five sections

were averaged to provide the mean value. A mean ± SD was calculated from the data in

each group and statistical analysis performed as described below

Immunohistochemistry staining

Brain coronal sections (25μm) were washed in PBS for 3×10 min and permeabilized with

0.4% Triton X-100 in PBS for 30 min. To block endogenous peroxidase activity and reduce

non-specific staining, the sections were incubated for 1 h in a solution containing 1% BSA,

2% normal horse serum and 0.1% H2O2 in 0.4% Triton X-100-PBS for 1 h at room

temperature. The sections were then incubated in GPR30 primary antibody (1:50) for 48 h at

4°C. In order to address the immune-specificity of GPR30 antibody, sections from sham

animals were incubated with competitive blocking peptide solution (1:1000) overnight and

then with GPR30 primary antibody (1:50) for 48 h at 4°C. After being washed three times in

PBS, the sections were incubated for 2 h in secondary antibody (1:200 dilution; Vector

Laboratories, Burlingame, CA, USA) made up with 0.4% Triton X-100 in PBS. Sections

were washed and incubated with avidin-conjugated horseradish peroxidase (diluted 1:200 in

0.3% Triton X-100) for 1 h at room temperature, followed by avidin–biotin-peroxidase

(ABC, Vector Laboratories) at room temperature. The sections were examined by light

microscopy.

Statistical Analysis

All data are expressed as mean±SD. Statistical analysis was performed using one-way

analysis of variance (ANOVA) with SigmaStat 3.0 software (SPSS, Inc., Chicago, IL),

followed by Student-Newman-Keuls post-hoc tests to determine group differences. A level

of P < 0.05 was considered to be statistically significant.

Results

Localization of GPR30 in the Hippocampus

We first examined the localization of GPR30 in the ovariectomized adult female rat

hippocampus using light microscopy. Immunohistochemistry revealed that GPR30

immunostaining was highest in the CA1 region and dentate gyrus, with less staining

observed in the CA3 region (Figure 1). The specificity of the GPR30 antibody was

determined by blocking with the commercially available GPR30 antigen peptide used to

make the antibody. As shown in Figure 1, blocking with the GPR30 antigen peptide

eliminated immunostaining in the hippocampal CA1 region.
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Antisense Knockdown of GPR30 in the Hippocampal CA1 Region

We next examined the role of GPR30 in mediating E2 rapid signaling and neuroprotection

in the hippocampus following GCI. In these studies, we utilized an E2 conjugate, E2-BSA,

which we have shown previously to exert rapid regulation of kinase activation and

neuroprotection in the hippocampal CA1 region following GCI in ovariectomized adult rats

[20]. To knockdown GPR30, antisense (AS) or missense (MS) oligodeoxynucleotides were

administered by icv injection every 24 h for 4 days in animals. On the fourth day, 10 min

GCI was performed 30 min after AS or MS administration. E2-BSA (10 μM in 5μl 0.9%

saline) was bilaterally administered by icv injection 60 min before induction of GCI. Sham

and Vehicle control groups were also included. As shown in Figure 2A, Western blot

analysis revealed a major band at approximately 40–45 Kd, which is consistent with

previous reports [37]. A lower molecular weight band was also observed. The identity of the

lower band is unclear, but it most likely is a degradation product, as reported by others [44].

As shown in Figure 2A–B, Western blot analysis and immunohistochemistry revealed that

GPR30 AS knockdown markedly attenuated GPR30 immunoprotein levels in the CA1

region in E2-BSA-treated rats (~60% decrease as compared to E2-BSA alone control group

and MS control group). The specificity of the AS effect was indicated by the lack of effect

of MS oligodeoxynucleotides on GPR30 immunoprotein levels in the CA1 region.

GPR30 Knockdown Attenuates Estrogen Neuroprotection Against GCI

We next examined the effect of GPR30 knockdown upon E2-BSA neuroprotective actions

in the hippocampal CA1 region following GCI. Hippocampal sections were collected at 7d

reperfusion after GCI and subjected to immunostaining with the neuronal marker, NeuN.

Neuronal survival was quantified by counting the number of NeuN-positive cells per 1mm

length in the medial CA1 area of all animals. Representative sections of NeuN staining

results are presented in Figure 3A, while quantification of results from all animals is

presented in Figure 3B. As shown in Figure 3A&B, GCI (Veh) resulted in a profound

decrease in the number of surviving neurons in the CA1 region at 7d reperfusion, as

compared to the Sham control group. E2-BSA treatment resulted in robust neuroprotection

as indicated by a significant increase in surviving neurons in the CA1 region. GPR30

knockdown (AS) markedly attenuated the neuroprotective effect of E2-BSA in the CA1

region after GCI. In contrast, MS control oligodeoxynucleotides administration had no

significant effect upon E2-BSA neuroprotection, indicating the specificity of the AS

oligodeoxynucleotide effect. Finally, administration of the GPR30 agonist, G1, like E2-

BSA, was found to exert a strong neuroprotective effect against GCI-induced neuronal cell

loss in the CA1 region.

GPR30 Knockdown Attenuates Estrogen Rapid Signaling in the Hippocampus After GCI

In previous studies, we demonstrated that E2 can rapidly enhance activation of the

prosurvival kinases, Akt and ERK in the hippocampal CA1 region after GCI, and can inhibit

activation of JNK, which has been shown to facilitate apoptosis after cerebral ischemia [20].

Therefore, we next examined the effect of GPR30 knockdown on the ability of E2-BSA to

enhance activation (phosphorylation) of Akt and ERK and inhibit JNK activation/

phosphorylation after GCI. As shown in Figure 4A&B, E2-BSA significantly enhanced
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activation/phosphorylation of Akt and ERK in the CA1 region after GCI, while markedly

inhibiting JNK activation/phosphorylation. GPR30 knockdown (AS) significantly attenuated

these rapid kinase regulatory effects of E2-BSA on Akt, ERK and JNK activation in the

CA1 region. MS oligonucleotides had no effect upon E2-BSA regulation of Akt, ERK or

JNK activation in the CA1 region after CGI (data not shown). In addition, similar to the

effects of E2-BSA, administration of the GPR30 agonist, G1 also robustly enhanced Akt and

ERK activation in the CA1 region after GCI, while significantly inhibiting JNK activation.

Discussion

It is well known that GCI can result in significant neurological and cognitive deficits in

humans. In particular, the hippocampal CA1 region in the brain has been shown to be highly

vulnerable to damage by GCI [45, 46]. Clinically, GCI can be due to multiple causes,

including cardiac arrest, asphyxiation, and hypotensive shock [45]. Of these, cardiac arrest is

the most prevalent, and remains a leading cause of neurological damage, cognitive deficits

and mortality. Previous studies have shown that a gender difference exists in both cardiac

arrest survival and in GCI damage, with females being protected as compared to males [47–

49]. Further work identified E2 as being strongly neuroprotective against GCI in females, an

effect that is mediated, at least in part, by extranuclear ER [20, 29, 34, 50].

The current study enhances understanding in this important area by demonstrating that the

newest member of the ER family, GPR30, participates in mediating the rapid signaling and

neuroprotective effects of E2 in the hippocampus against GCI. Previous studies had used a

GPR30 agonist (G1) to show that activation of GPR30 could be neuroprotective against GCI

[34, 42]. While these studies provided important information that exogenous G1 activation

of GPR30 is neuroprotective, the studies had a limitation in that they were not designed to

address whether endogenous GPR30 actually mediates the neuroprotective effects of E2.

The current study overcame this limitation by utilizing a GPR30 AS knockdown approach to

study the role of GPR30 in E2-BSA rapid signaling and neuroprotection. GPR30

knockdown in the hippocampal CA1 region essentially abolished the rapid kinase activation

and neuroprotective ability of E2-BSA following CGI. These findings suggest a critical role

for GPR30 in the hippocampus to mediate the beneficial rapid signaling and neuroprotective

effects of E2. It is important to note that the GPR30 AS knockdown effect observed in our

study was specific, as control missense (MS) oligodeoxynucleotides had no significant

effect upon E2-BSA rapid signaling or neuroprotection after GCI. Furthermore, exogenous

activation of GPR30 by the agonist, G1 in our studies enhanced activation of the prosurvival

factors, Akt and ERK, inhibited proapototic JNK activation, and exerted profound

neuroprotection against GCI.

The neuroprotective effect of G1 agonist in our study agrees well with the results of

previous studies by other investigators [34, 42]. However, our study extends these

observations by demonstrating the rapid signaling effects of G1 on activation of the

prosurvival kinases, Akt and ERK, and upon inhibition of the proapototic signaling kinase,

JNK in the hippocampal CA1 region after GCI. Importantly, our study also provides

evidence that GPR30 mediates the rapid signaling effects of E2-BSA upon Akt, ERK and
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JNK activation in the hippocampus after GCI. Along these lines, GPR30 AS knockdown

abolished the rapid kinase signaling effects of E2-BSA on Akt, ERK and JNK activation in

the CA1 region after GCI. The loss of the rapid signaling ability of E2-BSA in GPR30 AS

knockdown animals correlated with a loss of neuroprotection by E2-BSA against GCI,

suggesting that these two effects may be linked. In support of this possibility, previous work

by our lab has shown that blocking activation of Akt or ERK via use of specific PI3K or

MEK inhibitors results in significant attenuation of E2-BSA neuroprotection against GCI

[20]. Furthermore, in vitro studies in developing hippocampal neurons similarly found that

administration of a PI3K inhibitor blocks the neuritogenic effect of G1 and E2, and that

GPR30 silencing by GPR30 siRNA also blocked the neuritogenic effect of G1 and E2 [51].

While our study provides important new evidence supporting GPR30 in mediation of the

neuroprotective effects of E2 in the hippocampus, the effect of E2 is clearly complex and

likely involves multiple ERs. In support of this contention, previous work by our laboratory

demonstrated that antisense knockdown of ERα, but not ERβ, can also attenuate E2 rapid

signaling and neuroprotection against GCI [31]. As a whole, these results suggest that both

ERα and GPR30 participate in mediation of E2-induced rapid kinase signaling and

neuroprotection in the hippocampus following GCI. A similar dual role for ERα and GPR30

has been implicated in mediation of E2-induced islet survival in the pancreas [52]. E2

activation of multiple ERs may thus be an important mechanism for enhancing cell survival

in a variety of tissues in the body.

Finally, in addition to GCI, activation of GPR30 has also been shown to be neuroprotective

in models of Parkinson’s disease [53] and multiple sclerosis [54]. Thus, targeting GPR30

may represent a new therapeutic modality for multiple neurological disorders. Since GPR30

is distinct from the other ERs, targeting GPR30 for therapeutic intervention has the potential

advantage that it may avoid negative side effects currently associated with estrogen therapy.

Further research is needed to address this important possibility.

In conclusion, the current study provides important new evidence that GPR30 participates in

mediating E2 rapid signaling and neuroprotection in the hippocampus following GCI. As

such, the study adds to a growing literature suggesting that GPR30 may be an important

mediator of extranuclear signaling by E2 in various tissues and processes throughout the

body.
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Highlights

GPR30 is highly expressed in hippocampal CA1 region and dentate gyrus.

Activation of GPR30 induces rapid kinase signaling and neuroprotection.

GPR30 is critical for mediating estrogen rapid kinase signaling and neuroprotection

in hippocampus.
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Figure 1. Localization of GPR30 protein in ovariectomized rat hippocampus
Immunohistochemistry staining shows GPR30 protein expression in hippocampal CA1,

CA3 and DG regions. Blocking with the GPR30 antigen blocking peptide dramatically

reduced immunostaining in the CA1 (the upper right section), indicating specificity of the

primary antibody. Magnification, 40×; Scale bar, 25μm.
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Figure 2. Effectiveness of GPR30-AS knockdown of GPR30 immunoprotein levels in the
hippocampal CA1 region of E2-BSA treated rats
(A) Ovariectomized rats were pretreated with E2-BSA, E2-BSA plus GPR30-AS, or E2-

BSA plus GPR30-MS and subjected to ischemic reperfusion for 10 min following GCI.

Western blot analyses of total GPR30 expression and β-Actin were performed with

hippocampal CA1 protein in the indicated groups of ovariectomized rats. #P <0.05 versus

GPR30-MS group or E2-BSA group. Data are mean ± SD from four different animals. (B)
GPR30 immunoreactivity was detected by immunohistochemical staining in hippocampal

CA1 region. Magnification, 40×; Scale bar, 25μm. n=4.
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Figure 3. GPR30 knockdown attenuates E2-BSA neuroprotective effects in the hippocampal
CA1 region following global cerebral ischemia
(A) Neuronal survival was quantitated using NeuN immunostaining of representative

hippocampal CA1 sections from sham, vehicle, E2-BSA, E2-BSA plus GPR30-AS, E2-BSA

plus GPR30-MS or G1-treated ovariectomized rats subjected to 10 min global cerebral

ischemia followed by 7d reperfusion. Magnification, 40×; Scale bar, 100 μm. (B)
Quantitative summary of data shows the number of surviving neurons per 1 mm length of

medial CA1 sectors. Values are mean±SD of determinations from six individual rats per

group (n=6). *P<0.05 versus vehicle group; #P<0.05 versus GPR30-MS group or E2-BSA

group.
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Figure 4. GPR30 knockdown attenuates E2-BSA-induced activation of AKT and ERK, as well as
inhibition of JNK activation in the hippocampal CA1 region after GCI
(A) Western blot analyses of the indicated proteins using hippocampal CA1 protein

following 10 min reperfusion of ovariectomized rats. (B) Data are mean±SD of

determinations from three to four individual rats. *P<0.05 versus vehicle group; #P<0.05

versus E2-BSA group.
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