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Abstract Female sex steroids, particularly estrogens, con-
tribute to the sexually dimorphic response observed in cere-
bral ischemic outcome, with females being relatively
protected compared to males. Using a mouse model of
cardiac arrest and cardiopulmonary resuscitation, we previ-
ously demonstrated that estrogen neuroprotection is mediat-
ed in part by the estrogen receptor {3, with no involvement
of estrogen receptor o. In this study, we examined the
neuroprotective effect of the novel estrogen receptor, G
protein-coupled estrogen receptor 1 (GPER1/GPR30). Male
mice administered with the GPR30 agonist G1 exhibited
significantly reduced neuronal injury in the hippocampal
CAI region and striatum. The magnitude of neuroprotection
observed in Gl-treated mice was indistinguishable from
estrogen-treated mice, implicating GPR30 in estrogen
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neuroprotection. Real-time quantitative RT-PCR indicates
that G1 treatment increases expression of the neuroprotec-
tive ion channel, small-conductance calcium-activated po-
tassium channel 2. We conclude that GPR30 agonists show
promise in reducing brain injury following global cerebral
ischemia.

Keywords Cardiac arrest - GPR30/GPER1 - SK2 - Cerebral
ischemia - G1

Introduction

Cerebrovascular diseases resulting in cerebral ischemia, in-
cluding stroke and cardiac arrest, are sexually dimorphic,
with women experiencing relative protection compared to
men [1]. The reduced incidence and improved outcome in
women has been attributed to neuroprotection provided by
the endogenous female sex steroids, in particular estrogen
[2]. Consistent with this hypothesis, incidence of brain
attack significantly increases following menopause in wom-
en and the sex difference is minimized [1, 3]. Similarly,
female animals suffer smaller central nervous system
(CNS) damage following experimental cerebral ischemia
compared to age-matched male animals [4, 5]. Further, there
is extensive evidence that estrogen is neuroprotective in
experimental models using both male and female animals
[2]. However, the clinical utility of estrogen therapy has
become highly controversial due to several recent large clin-
ical trials, such as Women’s Health Initiative, Heart and Es-
trogen/Progestin Replacement Study, and Women Estrogen
Stroke Trial. These studies showed that hormone replacement
therapy has negative effects on outcomes and incidence of
cerebrovascular disease in postmenopausal women [6—8]. An
alternative to estrogen treatment of postmenopausal women or
men would be selective estrogen receptor modulators
(SERMS), which exhibit neuroprotective activity without
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other pleiotropic effects of natural estrogens. Several synthetic
and natural SERMS have been demonstrated to have neuro-
protective effects in experimental models, including tamoxi-
fen, genistein, and the estrogenic diphenylacrylamide, STX
[9]. These SERMS appear to protect independent of estrogen
receptors o and 3 [10].

G protein-coupled estrogen receptor 1 (GPER1/GPR30)
is a recently identified G protein-coupled receptor that binds
estrogen with high affinity and has been characterized as a
putative membrane estrogen receptor. Activation of GPR30
can result in both rapid nongenomic signaling events and
transcriptional regulation [11]. There is recent evidence that
the neuroprotective effects of exogenously administered
estrogen are mediated at least in part by GPR30 activation.
However, it remains unclear whether activation of GPR30 is
a viable alternative approach to neuroprotection following
cerebral ischemia. G1, a recently identified selective agonist
of GPR30 [12], protects against oxidative toxicity in vitro
and in a mouse model of stoke [13, 14]. Estrogen (E2) and
G1 have been demonstrated to have rapid effects of mem-
brane excitability via interaction with membrane ion chan-
nels [15-17], likely contributing to their neuroprotective
effects. We recently demonstrated that small-conductance
calcium-activated potassium channel 2 (SK2) activation
protects neurons from ischemic injury [18] and therefore
have tested the hypothesis that GPR30 activation is neuro-
protective via increased SK2 expression. Our results dem-
onstrate for the first time that the GPR30 agonist G1
increases expression of SK2 channels and enhances neuro-
nal survival following cardiac arrest and cardiopulmonary
resuscitation (CA/CPR)-induced cerebral ischemia.

Methods

Experimental Animals All experimental protocols were ap-
proved by the Institutional Animal Care and Use Committee
and conformed to the National Institutes of Health guide-
lines for the care and use of animals in research. To assess
the effect of prolonged, controlled levels of hormones, E2
(12.6 png) or G1 (1.8 mg), were administered via subcuta-
neous pellets (21-day continuous release pellets from Inno-
vative Research of America, Toledo, OH) 1 week prior to
arrest. We chose these doses based upon previous studies in
our laboratory [19]. All cardiac arrest experiments utilizing
vehicle, E2, or G1 were performed in a blinded randomized
manner using male C57B1/6 mice weighing 22-27 g, aged
6-9 weeks.

Cardiac Arrest The experimental procedures were per-
formed as previously described [20, 21], with minor mod-
ifications. Briefly, mice were anesthetized with isoflurane
(3 %) via face mask. Temperature probes were placed into

the left temporalis muscle and the rectum. Rectal tempera-
ture was controlled at 37 °C during surgery. For drug ad-
ministration, the right jugular vein was cannulated with a
PE-10 catheter. Electrocardiogram was monitored through-
out the experimental procedures. Mice were endotracheally
intubated with a 22 G intravenous catheter and mechanically
ventilated (Minivent, Hugo Sachs Elektronik, March-
Hugstetten, Germany). After a 10-min postsurgical stabili-
zation period, pericranial temperature was raised to 38.5 °C
using a circulating-water coil, which was placed around the
head of the mice. CA was induced by intravenous injection
of 50 uL cold 0.5 mol/L KCI and was confirmed by appear-
ance of asystole on the electrocardiography monitor and no
spontaneous breathing. Anesthesia was stopped and the
endotracheal tube was disconnected from the ventilator.
During CA, pericranial temperature was maintained at
38.5+0.2 °C and body temperature was allowed to drop to
28 °C during CA. CPR was initiated 8 min after induction of
CA by slow injection of 0.5 mL of epinephrine (8 pg), chest
compressions (approximately 300/min), and ventilation with
100 % oxygen. As soon as return of spontaneous circulation
(ROSC) was achieved, defined as electrocardiographic ac-
tivity with visible cardiac contractions and rapid decreasing
of pericranial temperature, chest compression was stopped.
If ROSC could not be achieved within 2.5 min of CPR,
resuscitation was stopped and the animal was excluded from
the study. Body temperature was restored with a warming
lamp during the recovery period. Twenty-five minutes after
ROSC, temperature probes were removed, skin incisions
were closed, and animals were weaned from the ventilator.
Animals were extubated after confirmation of spontaneous
ventilation/breathing, and mice were returned to their hous-
ing cage.

Health Assessment Score Animals were assigned a score (0
being no deficit and 3 or 4 indicated impaired) for several
parameters of overall health. These included consciousness,
interaction, eye appearance, breathing, food/water intake,
overall activity, and latency to move out of a 12-cm diam-
eter field. Therefore, the total health assessment score is the
sum of each behavior, with a range of 0—24 points. Assess-
ments were performed on days 1, 2, and 3, and averaged
sums for each day are reported.

Histological Analysis Three days after CA/CPR, mice were
deeply anesthetized with 3 % isoflurane and transcardially
perfused and fixed with 10 % formalin as previously de-
scribed [20, 22]. Brains were removed and embedded in
paraffin, and 6-um coronal sections were serially cut. The
CAL region of the hippocampus was analyzed, three levels
(100 um apart) beginning 1.5 mm caudal of bregma. Sec-
tions were stained with hematoxylin and eosin (H&E) for
analysis of damaged neurons, determined by the presence of
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Table 1 Body weight, cardiac
parameters, and survival rates

Data are presented as mean=+
SEM. No differences were found
among groups

G1 GPR30 agonist, E2 17f3-

Vehicle Gl E2
n 18 18 9
Body weight (g) 25.6+£0.9 25.0+0.7 25.8+£0.9
CPR duration (s) 124412 130£10 120+14
Epinephrine (pg) 10.8+0.8 11.3+0.8 10.7+1.0
Epinephrine (ng/g BW) 0.42+0.04 0.45+0.04 0.42+0.05
Surviving animals (%) 42 (18/43) 49 (18/37) 60 (9/15)

estradiol, CPR cardiopulmonary
resuscitation, B body weight

pink eosinophilic cytoplasm and dark pyknotic nuclei. All
viable and nonviable neurons were counted for each
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Fig. 1 Effect of G1 and estrogen on general health outcome. a Quan-
tification of general health score 1-3 days after recovery from CA/
CPR. Health assessment is a 24-point scale with 0 corresponding to no
impairment. Intact male mice were implanted with E2 or G1 7 days
prior to CA/CPR. b Quantification of body weight 1-3 days after
recovery from CA/CPR. Intact male mice were implanted with E2 or
G1 7 days prior to CA/CPR. Data are presented as mean+SEM. *P<
0.05, compared to vehicle

@ Springer

microscopic field, and the percentage of nonviable neurons
was calculated for the entire CA1 and striatum region (av-
erage of three levels/region). In order to analyze neuronal
damage in the striatum, sections were stained with the
neuronal-specific marker anti-NeuN antibody in addition
to H&E [22]. The investigator was blinded to treatment
before analyzing neuronal damage.

Quantitative Reverse Transcriptase PCR For quantitative
PCR measurement of small-conductance calcium-activated
potassium (SK2 and SK3) channel transcripts, hippocampi
were harvested 7 days after implantation of G1 (or vehicle)
pellets. Total RNA was isolated using the RNAqueous-4
PCR kit (Ambion, Austin, TX, USA) as per manufacturer’s
instructions. Briefly, approximately, 1-3 mg of tissue was
lysed in lysis buffer and total RNA was isolated and eluted
from a column with 50 uL. RNase-free elution buffer and
further treated with Turbo DNase (Ambion, Austin, TX,
USA). First-strand ¢cDNA was reverse transcribed from
500 ng total RNA with High Capacity cDNA archive Kit
(Applied Biosystems, Foster City, CA, USA). Real-time
PCR reactions using SYBR green PCR kit were performed
on ABI Prism 7000 sequence detection system in triplicate
using 50 ng cDNA. Primers used to detect SK2 and SK3
were synthesized by Invitrogen. The housekeeping gene
18S was also assayed for each sample using 5 ng of cDNA.
Cycle parameters used were 50 °C for 2 min, 95 °C for
10 min followed by 40 cycles of 95 °C for 15 s and 60 °C
for 1 min. Expression levels were calculated as the ratio of
the target gene to 18S.

Preparation of Hippocampal Slices and Electrophysiology
Mice (6-9 weeks of age) were sedated with isoflurane (2 %)
and then perfused through the left ventricle with ice-cold
artificial cerebrospinal fluid solution (in millimolar) 125
NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 1.25 NaH,PO,, 25
NaHCOs, and 10 glucose saturated with 95 % O,/5 % CO,
gas to obtain pH7.35. After decapitation, the hippocampus
was removed and transverse slices 300-um thick were cut
with a vibratome (Leica VT 1000S, Nussloch, Germany).
CA1 neurons were visualized with a microscope (Leica
DMLEFS). Recording pipettes were fabricated from standard-
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Fig. 2 G1 and E2 decrease hippocampal CA1 neuronal injury follow-
ing CA/CPR. a Representative photomicrographs of hippocampal CA1
neurons from vehicle-treated (fop), G1-treated (middle), and E2-treated
(bottom) mice 3 days after CA/CPR. Intact male mice were implanted
with E2 or G1 7 days prior to CA/CPR. Damaged neurons identified by
presence of pink eosinophilic cytoplasm and dark pyknotic nucleus. b
Quantification of ischemic neurons in the CA1 region of hippocampus
3 days after CA/CPR. Data are presented as mean+SEM. *P<0.05,
compared to vehicle

wall borosilicate glass with a resistance of 2—4 M. Pip-
ettes were filled with intracellular solution containing (in
millimolar): 135 K-gluconate, 8 NaCl, 1 MgCl,, 10 HEPES,
4 Mg-ATP, 0.3 Na,-GTP, and 0.05 EGTA, pH7.3. Whole-cell
voltage-clamp currents were recorded with a MultiClamp
700A amplifier (Axon Instruments, Foster City, CA) and
acquired using pCLAMP10 (Axon Instruments). To record
apamin-sensitive tail currents, CAl neurons were held at
—60 mV and depolarized to 20 mV for 100 ms followed by a
return to —55 mV. Access resistance was stable at <25 MQ
and was 80 % compensated. Current traces in the presence
of 100 nM apamin were subtracted from control traces and
fitted with a single exponential to determine decay kinetics,
and current amplitude was analyzed from subtracted traces of
each cell.

Statistical Analysis All data are presented as mean=+
SEM. Neuroscores and body weight were compared
for treatment group and time point using two-way anal-
ysis of variance (ANOVA). Histological damage in the
hippocampus was compared using one-way ANOVA
followed by Newman—Keuls multiple comparison test
to determine the source of variance. Histological data
from striatum did not pass Shapiro—Wilk normality tests
and thus Kruskal-Wallis test was used followed by
Dunn’s multiple comparison test. Student’s ¢ test was
used to compare SK mRNA expression and apamin-
sensitive current amplitudes. P values less than 0.05
are considered significant.

Results

Male C57Bl/6 mice were subjected to 8-min CA/CPR and
neuronal injury in the striatum, and hippocampal CA1 brain
structures were analyzed. Immediate asystolic cardiac arrest
was observed in all mice following injection of KCIL. All
mice were resuscitated successfully within the CPR time
window of 2.5 min. CPR duration, epinephrine dose, and
body weight were not different between groups (Table 1). A
health assessment score was measured each day for the
3 days of survival, being greatest (poorest health) on the
first day and slowly improving. Mice subjected to E2 treat-
ment showed improved recovery compared to vehicle and
G1 (Fig. 1a), reaching significance on day 3 after CA/CPR

> A

100 - *

' 1

% injured neurons

Vehicle G1 E2

(vehicle versus E2, P<0.05). Body weight decreased by 10—
24 % during the 3-day observation period and did not differ
between treatment groups (Fig. 1b).
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Fig. 3 GI and E2 decrease neuronal injury in striatum following CA/p>

CPR. a Representative photomicrographs of hippocampal CA1 neu-
rons from vehicle-treated (top), Gl-treated (middle), and E2-treated
(bottom) mice 3 days after CA/CPR. Intact male mice were implanted
with E2 or G1 7 days prior to CA/CPR. b Quantification of ischemic
neurons in the striatum 3 days after CA/CPR. Data are presented as
mean+SEM. *P<0.05, compared to vehicle

Histopathology

H&E staining was used to assess neuronal injury. Male mice
treated with 17(3-estradiol (12.6 pg) pellets 7 days prior to
CA/CPR had significantly less neuronal damage in CAl
(Fig. 2) and striatum (Fig. 3) compared to vehicle-treated
mice, consistent with our previously published results [25].
Hippocampal CA1 neuronal cell death decreased from 56.8
+9.7 % (n=18) in vehicle-treated male mice to 24.7£4.6 %
(n=9, P<0.05) in E2-treated mice. Similarly, in striatum,
E2-treated mice had reduced neuronal damage, 93.7+£9.7 %
(n=18) versus vehicle 77.1+7.9 % (n=9, P<0.05). We
tested the ability of the selective GPR30 agonist G1 to
protect neurons against CA/CPR-induced damage. Using
the same experimental protocol, we observed that G1
(1.8 mg) provides significant neuroprotection to CA1 neu-
rons (Fig. 2) and striatal neurons (Fig. 3). Hippocampal CA1
neuronal cell death decreased from 56.8+£9.7 % (n=18) in
vehicle-treated male mice to 27.4+5.7 % (n=18, P<0.05) in
Gl-treated mice. Similarly, in striatum, G1-treated mice had
reduced neuronal damage, 93.7+9.7 % (n=18) in vehicle
versus 81.9£5.8 % (n=9, P<0.05).

SK2 expression

To determine the effect of G1 treatment on the expression
of small-conductance calcium-activated potassium chan-
nels (SK2 and SK3), quantitative real-time RT-PCR was
performed from hippocampus and striatum from mice
treated with vehicle or G1 pellets for 7 days. Male mice
treated with G1 pellets for 7 days had significantly in-
creased expression of SK2 channels in hippocampus and
striatum (Fig. 4a) relative to mice treated with vehicle
pellet for 7 days, increasing by 260+50 % (n=3, P<
0.05) in hippocampus and by 200+23 % (n=3, P<0.05)
in striatum. In contrast, G1 had no effect on the expres-
sion of SK3 channels in either hippocampus or striatum
(Fig. 4b). To confirm Gl-induced increase in SK2 expres-
sion, whole-cell voltage-clamp recordings were performed
in hippocampal slices from mice treated with G1 pellets or
placebo pellets. We have previously demonstrated that
SK2 channels underlie the apamin-sensitive component
of the tail current in CAl neurons (Fig. 4c) [23].
Figure 4d demonstrates that mice implanted with G1 for
7 days exhibited significantly larger apamin-sensitive tail
currents recorded 100 ms after repolarization (244.5+53.5,
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Fig. 4 Gl increases expression A

of small-conductance calcium- 4 -
activated potassium channel,
SK2. a Quantification of SK2
mRNA in the hippocampus and
striatum of vehicle- and G1-
treated male mice. b Quantifi-
cation of SK3 mRNA in the
hippocampus and striatum of

vehicle- and G1-treated male
mice. Relative SK2 and SK3
mRNA was assessed using 0

SK2 Relative mRNA
[3%]

quantitative real-time RT-PCR
from each brain region normal-
ized to 18S RNA. Hippocampal
and striatal RNA was collected C
7 days after implantation of
male mice with vehicle or G1. ¢
Representative whole-cell re-
cording from placebo-treated
WT mouse of the apamin-
sensitive current. d Quantifica-
tion of apamin-sensitive current
amplitude in CA1 neurons
recorded from G1- and placebo-
treated control mice

Hippocampus

n=38) relative to placebo-implanted controls (73.3£8.3, n=
4, P<0.05). GI1 treatment did not alter the decay kinetics
of the apamin-sensitive SK2 currents (G1, 326.24+37 ms;
placebo, 303+50.1 ms).

Discussion

The results of this study indicate that activation of GPR30 using
chronic administration of G1 protects hippocampal and striatal
neurons from ischemic damage from CA/CPR. The level of
neuroprotection is similar to that observed with administration
of the natural estrogen E2. These findings are of clinical sig-
nificance as GPR30 activation offers a novel alternative to
hormone replacement for the treatment of cerebral ischemia.
An increase in SK2 expression was also observed with G1
administration and may contribute to protection in neurons.
Natural estrogens (E2) have been shown to be neuroprotec-
tive in the hippocampus and striatum when administered chron-
ically prior to arrest or as an acute dose after resuscitation [24,
25]. A variety of mechanisms have been implicated in E2-
mediated neuroprotection. Our previous study demonstrated
that the ER[3 agonist diarylpropionitrile (DPN) partially mim-
icked the effect of E2, providing significant protection follow-
ing CA/CPR. In contrast, the ER o agonist propyl pyrazole triol
provided no neuroprotection [26]. The magnitude of DPN
effects appeared smaller than E2, leading us to hypothesize that
alternative ER signaling may contribute to E2 neuroprotection.
In addition, we recently demonstrated that the GPR30 agonist
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G1 reduces infarct volume in the cortex and striatum following
experimental stroke [19]. Our present data indicate that chronic
pretreatment with G1 is also protective in cardiac arrest-
induced global ischemia. Our data are consistent with a recent
report, demonstrating that acute administration of G1 directly
into the brain immediately following reperfusion in a vessel
occlusion model of global ischemia provided protection in CA1
neurons [27]. The mechanism for G1-mediated neuroprotection
remains to be elucidated. G1 couples to pertussis-toxin-
sensitive G proteins and activates multiple signaling pathways
including Src, MAPK,, and ERK. Transcriptional regulation
through activation of GPR30 has also been reported [28]. There
is recent evidence that GPR30 signaling is mediated in part
through an interaction with ERec [11, 28]. Interestingly, G1 and
E2 protect to similar extent in our study, implying interacting
mechanisms. However, this is purely circumstantial and further
studies are needed to explore the interplay between ERs and
GPR30 in estrogen neuroprotection.

Interestingly, the study by Lebesgue and coworkers
reported an increase in hippocampal CA1 excitability in re-
sponse to acute G1 administration [27]. However, it is likely
that the neuroprotective mechanisms engaged in our study are
different, due to the different timing of administration. Our
prolonged administration is likely to engage transcriptional
mechanisms as well as acute signaling events. Indeed, our
quantitative real-time PCR data and patch-clamp recordings
indicate enhanced SK2 channel expression following 1 week
of G1 administration. Such an increase is expected to dampen,
rather than enhance excitability [18, 29]. We recently
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demonstrated that increased expression or activity of SK2
decreases hippocampal CA1 neuronal injury following CA/
CPR [18]. Thus, increased SK2 expression may contribute to
G1 protection by dampening ischemia-induced hyperexcit-
ability and minimizing excitotoxicity. We performed PCR on
the closely related ion channel SK3 in order to demonstrate
specificity. Our observation that G1 increases SK2 expression
without having an effect on SK3 enhances our confidence that
GPR30 regulation of SK2 is a specific mechanism of neuro-
protection. In addition, we previously demonstrated that es-
trogen interaction with ERx regulates SK3 expression.
Therefore, our current data further indicate a separate signal-
ing pathway for G1 interaction with SK2, having no effect on
SK3.

Interestingly, in our current study, we observed improved
sensorimotor health in E2-treated mice, while G1 had no
effect on these outcomes. We attribute this to estrogen’s
pleiotropic effects, which improve the overall health of the
animal, having large effects that are important to ischemic
outcome of several organs. This is particularly relevant in
our mouse cardiac arrest model, which mimics the clinical
condition and exposes the entire organism to hypoxia/ische-
mia. Indeed, we have demonstrated that estrogen minimizes
renal injury following CA/CPR, likely contributing to the
overall benefit observed in estrogen-treated mice in the
current study [14]. It remains unclear whether G1 protects
kidney. Nonetheless, we interpret the improved health of the
animal observed following E2 treatment to be a result of E2
protection of peripheral organ damage following CA/CPR,
resulting in an overall healthy animal. Therefore, our data
indicate that further study of the effects of GPR30 activation
on non-CNS organs after cardiac arrest is needed.

Conclusion

Chronic treatment of male mice with the GPR30 agonist G1
decreases CA/CPR-induced neuronal injury to a similar extent
as estrogen treatment. Our data further implicate transcription-
al regulation of specific ion channels responsible for dampen-
ing hyperexcitability following ischemia. Therefore, novel
nonfeminizing ligands of GPR30 represent a new approach
to neuroprotection following global cerebral ischemia.
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