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Abstract

G protein-coupled estrogen receptor (GPER) has been identified in several brain regions including
cholinergic neurons of nucleus ambiguus, which are critical for the parasympathetic cardiac
regulation. Using calcium imaging and electrophysiological techniques, microinjection into
nucleus ambiguus and blood pressure measurement we examined the in vitroand in vivo effects of
GPER activation in nucleus ambiguus neurons. G-1, a GPER selective agonist, produced a
sustained increase in cytosolic CaZ* concentration in a concentration-dependent manner in
retrogradely-labeled cardiac vagal neurons of nucleus ambiguus. The increase in cytosolic Ca2*
produced by G-1 was abolished by pretreatment with G36, a GPER antagonist. G-1 depolarized
cultured cardiac vagal neurons of nucleus ambiguus. The excitatory effect of G-1 was also
identified by whole-cell visual patch-clamp recordings in nucleus ambiguus neurons, in medullary
slices. To validate the physiological relevance of our /n vitro studies, we carried out /n vivo
experiments. Microinjection of G-1 into the nucleus ambiguus elicited a decrease in heart rate; the
effect was blocked by prior microinjection of G36. Systemic injection of G-1, in addition to a
previously reported decrease in blood pressure, also reduced the heart rate. The G-1-induced
bradycardia was prevented by systemic injection of atropine, a muscarinic antagonist, or by
bilateral microinjection of G36 into the nucleus ambiguus. Our results indicate that GPER-
mediated bradycardia occurs via activation of cardiac parasympathetic neurons of the nucleus
ambiguus and support the involvement of GPER in the modulation of cardiac vagal tone.
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Introduction

Clinical and experimental observations indicate gender-related differences in autonomic
regulation (Dart et al., 2002). With respect to the cardiovascular system, estrogen modulates
autonomic functions by increasing vagal tone and/or decreasing sympathetic drive (Mercuro
et al., 2000; Liu et al., 2003; Saleh and Connell, 2007; Weissman et al., 2009).
Premenopausal women or postmenopausal women with estrogen replacement therapy have
lower heart rate, increased baroreceptor sensitivity, and elevated heart rate variability
(Huikuri et al., 1996, Virtanen et al., 2000). Experimental studies also indicate that systemic
or central administration of estrogen increases parasympathetic tone and baroreflex
sensitivity in rodents (Du et al., 1995; Mohamed et al., 1999; Saleh and Connell, 1999,
2000; Saleh et al., 2000a).

Increasing evidence support a role for G protein-coupled estrogen receptor 1 (GPER) in
estrogen-mediated fast signaling. In addition to interacting with two classical nuclear
receptors, ERa and ERp and their extranuclear variants, estrogen has been shown to activate
a G protein-coupled estrogen receptor 1 (GPER) (for review Prossnitz and Barton, 2011).
We previously detected GPER immunoreactivity (irGPER) in many areas of the rat brain
including the hypothalamus, nucleus of the solitary tract and nucleus ambiguus (Brailoiu et
al., 2007), which are involved in autonomic homeostasis. The activity of the heart is
controlled by a tonic level of parasympathetic activity that originates within the medulla,
mainly in the nucleus ambiguus (Mendelowitz, 1999).

The detection of GPER immunoreactivity in the nucleus ambiguus (Brailoiu et al., 2007)
prompted us to explore /in vitroand in vivo effects of GPER activation in cardiac-projecting
nucleus ambiguus neurons.

Materials and Methods

Ethical information

Drugs

Animals

Experimental protocols were reviewed and approved by the Institutional Animal Care and
Use Committee from Temple University and UNDMJ - New Jersey Medical School and
were in accordance with the National Institute of Health Guide for the Care and Use of
Laboratory Animals. All efforts were made to minimize the number of animals used and
their suffering.

The GPER agonist, G-1, (Bologa et al., 2007) and the GPER antagonist G36 (Dennis et al.,
2011) were synthesized and provided by Dr. Jeffrey B. Arterburn. G-1 and G36 were
dissolved in DMSO (stock solution 1072 M), and frozen in aliquots. Shortly before
administration, G-1 and G36 were thawed and dissolved in physiological saline to the
desired concentration. Other drugs (atropine, urethane, L-glutamate) were from Sigma-
Aldrich (Saint Louis, MO), unless otherwise mentioned.

Adult male Wistar rats were used for heart rate and blood pressure monitoring and
microinjections into nucleus ambiguus, and neonatal rats (1-3-day-old) of either sex for
calcium and voltage imaging and electrophysiology studies.

Neuronal culture

Cardiac vagal preganglionic neurons of nucleus ambiguus were retrogradely labeled by
intrapericardial injection of rhodamine (X-rhodamine 5,6 isothiocyanate. X-RITC,
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Invitrogen, Carlsbad, CA), similar to previous reports (Bouairi et al., 2006; Brailoiu et al.,
2012). Rhodamine (0.01 %, 40 pl) was injected using a Hamilton syringe in the pericardial
sac of 1-2-day-old rats, in the second intercostal space, on the right side of the sternum.
Medullary neurons were dissociated and cultured 24 hours after rhodamine injection, as
previously described (Brailoiu et al., 2009, 2012). The neuronal labeling was verified by
fluorescence microscopy (excitation/emission=520/560 nm) in medullary slices (300 wm
thick), cut with a vibratome, fixed in paraformaldehyde, treated with DMSO and mounted in
Citifluor. For the neuronal culture, the brains were quickly removed and immersed in ice-
cold Hanks balanced salt solution (Mediatech, Manassas, VA). The ventral side of the
medulla (containing nucleus ambiguus) was dissected, minced and the cells were dissociated
by enzymatic digestion with papain, followed by mechanical trituration. After centrifugation
at 500 x g, fractions enriched in neurons were collected and resuspended in Neurobasal-A
medium (Invitrogen) containing 2 mM glutamine, 100 units/ml penicillin G, 100 pg/ml
streptomycin and 109% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA). Cells
were plated on round 25-mm glass coverslips in 6-well plates. Cultures were maintained at
37°C in a humidified atmosphere with 5% CO,.

Measurement of cytosolic calcium concentration ([Ca2*];)

[CaZ*]; was measured by the calcium imaging technique, as previously described (Brailoiu
etal., 2009, 2010a, 2012). Cultured neurons were incubated with 5 uM fura-2 AM
(Invitrogen) in Hanks’ balanced salt solution (HBSS) at room temperature for 45 min, in the
dark, washed three times with dye-free HBSS, and then incubated for another 45 min to
allow for complete de-esterification of the dye. Cells on coverslips were subsequently
mounted in an open bath chamber (Warner Instruments, Hamden, CT) on the stage of an
inverted microscope Nikon Eclipse TiE (Nikon Inc., Melville, NY) equipped with a Perfect
Focus System and a Photometrics CoolSnap HQ2 CCD camera (Photometrics, Tucson, AZ).
During the experiments the Perfect Focus System was activated. Fura-2 AM fluorescence
(emission =510 nm), following alternate excitation at 340 and 380 nm, was acquired at a
frequency of 0.25 Hz. Images were acquired and analyzed using NIS-Elements AR 3.1
software (Nikon Inc.). The ratio of the fluorescence signals (F340/F380 nm) was converted
to CaZ* concentrations as described (Grynkiewicz et al., 1985).

Optical imaging using DiBAC4(3)

Bis-oxonol (bis-[1,3-dibutylbarbituric acid] trimethineoxonol [DiBAC4(3)], a slow-response
voltage-sensitive fluorescent dye, has been successfully used to assess relative changes in
membrane potential of single cells (Ebner and Chen, 1995). The method was similar to that
previously described (Brailoiu et al. 2008, 2010b). Briefly, cells were incubated for 30 min
in HBSS containing 0.5 mM DiBAC,(3). The fluorescence (excitation wavelength = 480
nm, emission wavelength = 540 nm) was continuously recorded at a rate of 10 points min=1.
Background values (windows of identical area placed besides the cells) were subtracted. The
dye partition between the cell membrane and the cytosol is a function of membrane
potentials. Depolarization of the membrane leads to a sequestration of the dye into cytosol
and is associated with an increase in fluorescence intensity; whereas, the dye concentrates in
the cell membrane during hyperpolarization, leading to a decrease of fluorescence intensity
(Brauner et al. 1984). Calibration of DiBAC,(3) fluorescence was performed using the Na*-
K* ionophore gramicidin in Na*-free physiological solution (Brauner et al. 1984).

Electrophysiology

Visual patch-clamp recordings were made from neurons of the nucleus ambiguus in neonatal
rat medullary slices as previously described (Brailoiu et al., 2009). Neonatal rats were
decapitated and the hindbrain dissected and placed in ice-cold Krebs solution of following
composition (in mM): 127 NaCl, 1.9 KClI, 1.2 KH2POy, 2.4 CaCl,, 1.3 MgCl,, 26 NaHCOs3,
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and 10 glucose, oxygenated with 95% O, and 5% CO,. Brainstem slices of 200 pm
thickness were prepared using a vibratome. Slices were transferred to the recording chamber
and superfused with oxygenated Krebs solution at a rate of 1 ml/min. Recordings were
conducted at room temperature (20 £ 1°C) from neurons in the ventral perimeter of nucleus
ambiguus previously identified as cardiac vagal neurons (Bouairi et al., 2006, Brailoiu et al.,
2012). Patch electrodes pulled from thin-walled borosilicate glass capillaries were filled
with a solution containing (in mM): 130 K gluconate, 1 MgCl,, 2 CaCl,, 4 ATP, 0.3 GTP,
10 EGTA and 10 HEPES, and had a resistance of 2-5 MQ; the pH of the solution was
adjusted to 7.2. Signals were recorded using an Axopatch 1C amplifier (Axon Instruments/
Molecular Devices, Sunnyvale, CA) and a Digidata 1320 digitizer in voltage- or current-
clamp mode, filtered at 2 KHz, displayed on a two-channel Gould chart recorder RS 3200.
Experimental protocols were controlled and data acquired by a personal computer using the
Clampex 8.0 software (Axon Instruments). Steady-state current-voltage (1V) relationships of
G-1-induced currents were investigated in rat nucleus ambiguus neurons voltage-clamped to
—-60 mV, which is close to the resting membrane potential of these neurons. Current-voltage
relationships were obtained by applying a series of 400 ms voltage command steps every 5 s
from a holding potential of —60 mV to potentials varying from =140 to 0 mV, with 10 mV
increments, before and during the superfusion of G-1. Currents elicited by each voltage
command step in control media were subtracted from their counterparts in the presence of
G-1 to yield a steady-state 1V curve of G-1-induced currents.

Microinjections in nucleus ambiguus

Histology

The procedures were similar to those described earlier (Chitravanshi and Sapru, 2011).
Briefly, the rats were anesthetized with inhalation of isoflurane (2-3 % in 100 % oxygen),
the trachea was cannulated, and the rats were artificially ventilated. One of the femoral veins
was cannulated, and urethane was injected intravenously in 3—4 administrations with a
volume of 200 p.l each, at 2—4 min interval; the total dose was 1.2-1.4 g/kg. Rectal
temperature was maintained at 36.5 + 0.5°C. One of the femoral arteries was cannulated,
and PAP, MAP and HR were measured using a 1401 A/D converter and Spike 2 software
(Cambridge Electronic Design, Cambridge, UK) and the data was stored on a computer hard
drive. The rats were placed in a prone position in a stereotaxic instrument with bite bar 18
mm below the interaural line. The microinjections were made using a dorsal approach. Four-
barreled glass micropipettes (tip size 20-40 um) were mounted on a micromanipulator, and
each barrel was connected to one of the channels on a picospritzer. One barrel was filled
with L-glutamate (L-Glu, 5 mM), the second barrel filled with DMSO 0.1% (vehicle for
G-1), the third barrel was filled with G-1 (10 wM), and the fourth barrel was filled with G36
(10 uM). The following coordinates were used for the identification of the nucleus
ambiguus: 0.3 caudal to 1.1 mm rostral and 1.8—-2.0 mm lateral to the calamus scriptorius
and 2.0-2.4 mm deep from the dorsal medullary surface; stimulation of this site has been
shown to elicit the most prominent bradycardic response. The correct placement of the
pipette assembly was determined by evaluating the bradycardic response to glutamate (5
mM, 30 nl). The volumes were pressure ejected (30-35 psi) and visually confirmed by the
displacement of fluid meniscus in the barrel containing the solution. The duration of
microinjection was 5-10 s.

Typical sites of microinjections in the nucleus ambiguus were marked by microinjections of
diluted (1: 42) green Lumafluor retrobeads (Lumafluor Inc, Durham, NC). The animals were
perfused and fixed with 4% paraformaldehyde, serial sections of the medulla were cut (30—
40 wm), mounted on slides, covered with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA) and coverslipped. The microinjection sites were identified,
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using a fluorescence microscope, photographed and compared with a standard rat brain atlas
(Paxinos & Watson, 1998).

Statistical analysis

Results

Data was expressed as means + standard error of mean (SEM). In calcium and voltage
imaging studies, and electrophysiological experiments, one-way ANOVA followed by post-
hoc analysis using Bonferonni and Tukey tests was used to evaluate significant differences
between groups; £< 0.05 was considered statistically significant. For comparison of HR
responses, the mean and SEM were calculated for maximum changes in HR in response to
microinjections of L-Glu or G-1 into the nucleus ambiguus. In the experiments testing for
tachyphylaxis, comparisons of the maximum decreases in HR in different groups of rats
were made using one-way ANOVA followed by Tukey-Kramer’s multiple comparison.

Activation of GPER increases [Ca?*]; in cultured preganglionic neurons

Cardiac vagal neurons of nucleus ambiguus were labeled with rhodamine, a reliable marker
for retrograde labeling (Bouairi et al., 2006; Brailoiu et al., 2012). Cultured neurons labeled
with rhodamine were selected for calcium measurements (Fig. 1). G-1 (1 M), a GPER
agonist (Bologa et al. 2006), produced an increase in F340/F380 fluorescence ratio of
Fura-2AM-loaded neurons (Fig. 1A); the effect was prevented by pretreatment with G36, a
GPER antagonist (Fig. 1B). G-1 (1 uM) produced a transient increase in [CaZ*]; the effect
started 5—-6 min after the G-1 treatment; a representative example is illustrated in Fig. 1C.
Administration of G-1 (10 nM, 100 nM and 1 .M) produced dose-dependent increase in
[Ca?*]i by 6 + 1.4 nM, 508 + 4.1, and 914 + 7.3 nM, respectively; n = 6 neurons for each
concentration tested (Fig. 1D). In neurons pretreated with the GPER antagonist G36 (1 uM),
G-1 (1 uM) increased [CaZ*]; by only 47 + 2.4 nM (n = 6) (Fig. 1C, D).

Activation of GPER depolarizes cultured cardiac vagal neurons of nucleus ambiguus

The effect of G-1 on the membrane potential of rhodamine-labeled cardiac vagal neurons
was tested by voltage imaging in neurons loaded with the slow-response voltage-sensitive
fluorescent dye, DiBACy4(3). G-1 depolarized retrogradely labelled nucleus ambiguus
neurons in a dose-dependent manner: G-1 (10 nM, 100 nM and 1 .M) produced a
depolarization with an amplitude of 1.6 + 0.2, 9.7 £ 0.3, and 14.2 + 0.5 mV, respectively; n
= 6 neurons for each concentration tested (Fig. 2A-B). The G-1-induced depolarization was
abolished by pretreatment with G36 (1 wM); the average amplitude of the depolarization
induced by G-1 (1 M) in neurons pretreated with G36 (1 M) was 0.8 £ 0.2 mV (n = 6)
(Fig. 2A, B).

Activation of GPER depolarizes nucleus ambiguus neurons in medullary slices

Nucleus ambiguus neurons were visually identified via DIC illumination in the ventrolateral
quadrant of the medullary slice. The mean resting membrane potential and input resistance
of nucleus ambiguus neurons were =55.1 + 1.4 mV and 692 + 39.2 MQ, respectively (n =
72). Nucleus ambiguus neurons were generally silent, and injection of depolarizing currents
(50 — 100 pA, 300 ms) elicited repetitive firings followed by a hyperpolarization (Fig. 2C),
as previously reported (Mendelowitz, 1996). G-1 (10 nM) produced an increase in firing
activity with little change in membrane potential; an example is shown in Fig. 2D (top
trace). At higher concentrations, G-1 (100 nM and 1 pM) depolarized the neurons and
produced an apparent decrease in membrane resistance. The mean amplitude of G-1-induced
depolarizations was concentration-dependent: G-1 (10 nM, 100 nM and 1 M) depolarized
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the nucleus ambiguus neurons by 2.3 + 0.3 mV (n=6),12.1+1.8mV (n=7) and 18.3 0.8
mV (n = 3), respectively (Fig. 2E).

G-1linduced an inward current in nucleus ambiguus neurons in medullary slices

In voltage-clamp mode, the current-voltage relationship of neurons in response to voltage
steps from —140 mV to 0 mV (Fig. 3A) was similar to that previously reported in nucleus
ambiguus neurons (Mihalevich et al., 1996, Brailoiu et al., 2009). We examined the current-
voltage (IV) relationships of membrane currents induced by G-1, in voltage-clamp mode.
An example of IV relationship elicited by G-1 (100 nM) in nucleus ambiguus neurons is
presented in Fig. 3B. Subtraction of the IV curves obtained before and during perfusion with
G-1 revealed that G-1 induced an inward current (Fig. 3B-C).

Microinjection of G-1 to nucleus ambiguus in anesthetized rats elicited bradycardia

Baseline values for mean arterial pressure (MAP) and heart rate (HR) in urethane-
anesthetized rats were 105.3 + 8.14 mmHg and 415.3 = 5.7 bpm (n = 5), respectively. Prior
to performing microinjection of G-1 to the nucleus ambiguus, the location of nucleus
ambiguus was functionally identified by the heart rate (HR) change following microinjection
of L-glutamate (L-Glu). Microinjection of L-Glu (5 mM/30 nl) elicited a bradycardia with
no concomitant change in blood pressure (n = 5), as previously reported (Chitravanshi and
Sapru, 2011), indicating the correct placement of the micropipette in the nucleus ambiguus.
The decrease in HR after the L-Glu microinjections was by 73.3 = 7.5 bpm (£ < 0.001); the
values before and after the L-Glu were 416.3 + 11.6 and 343 + 11.1 bpm, respectively (Fig.
4A). Microinjection of G-1 (10 tM/30 nl), at the same site, elicited a decrease in HR with
no concomitant change in blood pressure. Microinjection of G-1 (10 .M/30 nl) produced a
decrease in HR by 59.7 + 7.5 bpm (p < 0.001); the values before and after the G-1 were
430.6 £ 7.2 and 370 = 9.1 bpm, respectively (n = 5) (Fig. 4A).

Reproducibility of G-1-induced responses

To test whether or not repetitive microinjection of G-1 produces tachyphylaxis, G-1, in the
concentration that elicited bradycardic responses (10 tM/30 nl), was microinjected into the
nucleus ambiguus at least 3 times, at 60 min intervals (n = 5). The decreases in HR induced
by 3 consecutive microinjections of G-1 were 62.6 + 2.2, 58 £ 1.4 and 60.8 £ 1.7 bpm,
respectively (P> 0.05) (Fig. 3B). Thus, when the interval between injections was at least 60
min, repetitive microinjections of G-1 did not produce tachyphylaxis of bradycardic
responses (Fig. 4B).

Microinjections of the GPER antagonist into nucleus ambiguus blocked the G-1-induced
bradycardic responses

To further confirm the GPER specificity of the G-1-induced bradycardia, we tested the
sensitivity of the response to treatment with GPER antagonist, G36 (Dennis et al., 2011). In
these experiments (n = 5), the nucleus ambiguus was identified by microinjection of L-Glu
(5 mM/30 nl) which elicited a decrease in heart rate by 72 + 6.8 bpm without any change in
BP (Fig 5A and 5B panel a). Microinjection of control vehicle (0.1% DMSO) into the same
site, 5 min after L-Glu. did not elicit any significant change in BP and HR (Fig. 5B panel b).
Microinjection of G-1 (10 M/30 nl) into the same site of nucleus ambiguus produced a
decrease in HR by 56.4 + 2.7 bpm with no concomitant change in BP (Fig. 5A and 5B panel
c). G-1 elicited a prolonged decrease in HR, with a duration of 25-30 min (Fig. 5B panel c).
Sixty min later, microinjection of the GPCEr antagonist G-36 (10 tM/30 nl) into the same
site did not elicited any significant changes in BP and HR (Fig. 5B panel d), but blocked the
bradycardia induced by microinjection of G-1 (10 .M/30 nl) (Fig. 5B panel e). The decrease
in HR produced by G-1 after G36 (10 tM/30 nl) was by only 4.6 £ 0.3 bpm (P < 0.0001) as
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compared to 56.4 £ 2.7 bpm before the microinjection of the antagonist. The summarized
group data is presented in Fig. 5A and a representative experiment is illustrated in Fig. 5B.

Site-specificity of G-1 responses

Histological

Intravenous

The bradycardic responses elicited from the nucleus ambiguus were site-specific because
microinjections of G-1 (10 wM/30 nl) into the adjacent areas (e.g., ventral region of the
dorsal medullary reticular nucleus; 0.6 mm rostral and 2.3 mm lateral to the CS and 2.6 mm
deep from the dorsal medullary surface) elicited no HR responses (n = 5). The HR values
before and after the G-1 into the above adjacent area were 408.4 + 9.3 and 404 + 9.2 bpm,
respectively (P > 0.05).

identification of microinjection sites

Composite diagrams of the microinjection sites (n = 10) in the nucleus ambiguus, where
microinjections of L-Glu and G-1 elicited bradycardia are presented in Fig. 6A-E; each dot
corresponds to one rat.

injection of G-1 produces bradycardia

G-1 (41.2 ng/kg to 20.6 pg/kg, iv) in addition to a previously reported decrease in blood
pressure (Haas et al., 2009), produced a concentration-dependent decrease in the HR.
Intravenous injection of G-1 (41.2 ng/kg, 412 ng/kg, 4.12 pg/kg and 20.6 pg/kg) reduced
the heart rate by 0.8 £ 0.3% (n=5),48+08% (n=7),75+0.7% (n=8)and 8.3+ 0.8 %
(n=7), respectively (Fig. 7A). The bradycardic effect induced by G-1 (4.12 pg/kg) was
prevented by i.v. injection of atropine (2 mg/kg) (n = 5), a potent muscarinic receptor
antagonist (Fig. 7A).

Bilateral microinjections of G36 into the nucleus ambiguus blocked the bradycardia
induced by systemic injection of G-1

Intravenous (i.v.) injection of G-1 (4.12 pg/kg) decreased MAP by 10 + 3.1 mmHg and HR
(33 £9.9 bpm; 7.7 %) (n = 5); a representative example is shown in Fig. 7B (panel a). Sixty
min after the recovery of blood pressure and HR to basal values, the left and right nucleus
ambiguus were identified by microinjection of L-Glu (5 mM/30 nl), which elicited a
bradycardia (60 + 7.9 bpm) without any changes in MAP (Fig. 7B, panel b), as previously
reported (Chitravanshi & Sapru, 2011). Five min later, microinjection of control vehicle
(Veh, 0.1% DMSO) into the same site did not elicit any changes in HR and MAP (Fig. 7B
panel c). G-36 (10 wM/30 nl), a GPER antagonist, was bilaterally microinjected into the
nucleus ambiguus five min after the injection of control vehicle; the injection of G36 did not
elicit any change in BP and HR (Fig. 7B panel d). G-1 (4.12 pg/kg) i.v. injected 5 min after
the microinjection of the antagonist produced a markedly reduced change in HR (Fig. 7B
panel e) (3.8 = 3.1 bpm; p < 0.05) whereas the decrease in MAP was not significantly
affected (p > 0.05). Control microinjection of L-Glu (5 mM/30 nl) after the GPER blockade
with G36 elicited bradycardia (Fig. 7B panel f).

Discussion

Increasing evidence supports a role for GPER in estrogen-mediated fast signaling (Prossnitz
and Barton, 2011). While most of our knowledge is derived from studies of GPER in breast
and ovarian cancers and cell lines, the physiologic role of this novel receptor is just
beginning to unravel (Olde and Leeb-Lundberg, 2009). Activation of GPER has been
involved in modulation of physiological functions in the nervous, cardiovascular,
reproductive, endocrine, and immune systems (Prossnitz and Barton, 2011). In the context
of this study, the identification of GPER immunoreactivity in cholinergic neurons of the
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nucleus ambiguus (Brailoiu et al., 2007), a medullary site critical for the autonomic
cardiovascular regulation, provided the impetus to evaluate the role of GPER in the
modulation of the vagal tone to the heart. This is particularly important as the modulation of
the autonomic tone seems to contribute to the cardiovascular protective effects of estrogen
(Du etal., 1995, Liu et al., 2003).

Using calcium and voltage imaging, we first evaluated the effects of GPER activation in
cardiac vagal neurons of nucleus ambiguus retrogradely labeled with rhodamine. GPER
activation has been shown to mobilize Ca2* in several cell types (Revankar et al., 2005,
Bologa et al., 2006, Brailoiu et al., 2007; Filardo et al., 2007; Noel et al., 2009; Dennis et al.
2011; Tica et al., 2011; Deliu et al., 2012). In cultured cardiac vagal neurons, administration
of G-1 produced a concentration-dependent increase in cytosolic CaZ*. The response was
GPER-specific, as pretreatment with the recently identified GPER antagonist G36 (Dennis
etal., 2011), prevented the G-1-induced Ca?* increase. A transitory increase in Ca2* is a
common signaling pathway in neurons (Berridge, 1998); it may lead to cellular
depolarization. Indeed, voltage imaging experiments indicate that G-1 depolarized cardiac
vagal neurons via a GPER-dependent mechanism.

Using classical electrophysiological techniques, we also examined the effect of G-1 on
nucleus ambiguus neurons in a brainstem slice preparation. In a rat medullary slice, the
nucleus ambiguus can be easily identified as a cluster of cells in the rostroventrolateral
medulla area (Bouairi et al., 2006; Brailoiu et al., 2009, 2012). Whole-cell patch-clamp
recordings in current clamp mode indicate that G-1 produced a dose-dependent
depolarization. At higher concentration tested (100 nM and 1000 nM), G-1-induced
depolarization was accompanied by a decrease in membrane resistance, indicating an
increase in membrane conductance. VVoltage-clamp recordings support this finding, as GPER
activation induced an inward current. Similarly, previous reports showed that GPER
activation depolarized spinal cord neurons (Dun et al., 2009, Deliu et al., 2012), restored
excitability in vagal neurons from ovariectomized rats (Qiao et al., 2009), or had a rapid
excitatory effect on primate LHRH neurons (Noel et al., 2009).

Similar to the nuclear estrogen receptors (Vanderhorst et al., 2005), no significant gender
differences were reported in the CNS distribution of GPER between male and female rats
(Brailoiu et al., 2007); however a sexually dimorphic distribution was found in the hamster
brain (Canonaco et al., 2008). GPER expression levels in rat hippocampus, were not
different among adults male and female in proestrus or estrus (Matsuda et al., 2008). Despite
a partial overlap with ERa or ERf mRNA in different regions, GPR30 immunoreactivity in
the rat brain was identified in cell populations distinct from those expressing ERa and ERB
within many brain nuclei (Brailoiu et al., 2007), while colocalized in others (Spary et al.,
2009). The levels of expression of ERs in the rat CNS appear to change over the oestrus
cycle in response to these fluctuations in circulating oestrogen (Spary et al., 2009).
Moreover, previous reports indicate circadian and estrous cycle-dependent variations in
blood pressure and heart rate in female rats (Takezawa et al., 1994). In the present study, to
avoid any response variability due to fluctuations in estrogen levels in female rats, during
the estrous cycle, only adult male rats were used in /in vivo experiments.

In vivorecordings of heart rate and blood pressure in anesthetized adult male rats indicate
that G-1 microinjected into the nucleus ambiguus decreased the heart rate, without affecting
the blood pressure; the effect was blocked by pretreatment with the GPER antagonist, G36
(Dennis et al., 2011). Previous reports indicate that central administration of estrogen in
cardiovascular and autonomic medullary nuclei of male and ovariectomized female rats
significantly increased the baroreflex function and vagal nerve activity in male and
ovariectomized female rats (Saleh and Connell, 1999; Saleh et al., 2000a, b). The increase in
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phenylephrine-induced bradycardic response started 5 min after estrogen administration and
reached a peak 30 min after the injection. Similarly, in the present work, G-1 injected into
the nucleus ambiguus produced a decrease in heart rate that lasted 25-30 min. Earlier
receptor profiling for G-1, conducted at 10 .M, indicates that G-1 does not bind to the
human M1, M2 and M3 muscarinic receptors, expressed in Sf9 insect cells (Blasko et al.,
2009). We therefore do not expect any direct effect of G-1 on rat muscarinic receptors.

Intravenous injection of G-1, in addition to the previously reported reduction in blood
pressure (Haas et al., 2009), produced a concentration-dependent decrease in heart rate. In
the absence of a direct effect of G-1 on heart rate regulation, the G-1-induced decrease in
blood pressure would have elicited a compensatory increase in heart rate via baroreflex. The
reduction in heart rate produced by G-1 further supports a direct activation of nucleus
ambiguus neurons, as indicated by the microinjection studies. Moreover, atropine prevented
G-1-induced bradycardia, indicating the involvement of muscarinic receptors in the
response. In addition, the bradycardic effect of systemic administration of G-1 was blocked
by microinjection of GPER antagonist in the nucleus ambiguus, further supporting nucleus
ambiguus as a site of GPER-mediated bradycardia. The blood pressure lowering effect of
G-1 is most likely due to the vasodilation reported in several arterial beds (Haas et al., 2009;
Meyer et al., 2010, Broughton et al., 2010, Yu et al., 2011). Both endothelium-dependent
(Broughton et al., 2010) and endothelium—independent mechanisms (Yu et al., 2011) have
been identified.

As GPER-expressing neurons of the nucleus ambiguus have a cholinergic phenotype
(Brailoiu et al., 2007), our results support the hypothesis that GPER activation in nucleus
ambiguus neurons stimulates the release of acetylcholine in cardiac vagal terminals, which
in turn decreases the heart rate. This is also supported by the fact that intravenous
administration of G-1 decreased heart rate, which was abolished by atropine.

Notable differences in effective concentrations of GPER ligands were reported in different
cellular systems and between endogenously expressing and GPER-transfected cells; these
may be due to the differences in the number or availability of the receptors and/or different
downstream signaling mechanisms involved. Published reports, including ours, indicate that
in primary cells, G-1 activates GPER in the high nanomolar to micromolar range (Brailoiu et
al., 2007; Maiti et al., 2011; Tica et al., 2011; Deliu et al., 2012). In transfected cells, which
overexpress the receptor, lower concentrations of agonists were sufficient to activate the
receptor (Revankar et al., 2005).

Taken together our results indicate a novel role for GPER in increasing cardiac
parasympathetic tone, thereby effectively slowing the heart, which may be cardioprotective.
A direct, cardioprotective role of GPER activation has been also reported in a rat ischemic
model (Deschamps et al., 2009).
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Figz.+1. Activation of GPER in cardiac vagal neurons of nucleus ambiguusincreases cytosolic
Ca

A, llustration of Fura-2 AM fluorescence ratio (F340/F380 nm) before (basal) and after G-1
treatment in cardiac preganglionic vagal neurons of nucleus ambiguus retrogradely labeled
with rhodamine. B, Pretreatment with G36 prevented the increase in F340/F380 ratio
produced by G-1. C, Representative recordings of cytosolic Ca* concentration, [Ca2*]; in
response to G-1 in the absence (solid trace) and presence (dotted trace) of the GPER
antagonist, G36. D, Comparison of increases in cytosolic Ca?* concentration (A[Ca2*];)
produced by different concentrations of G-1 (10 nM - 1 wM) in the absence and presence of
G36 (1 wM). *, P< 0.05 as compared to basal [Ca2*];; **, P< 0.05, as compared to the
increase in [Ca2*]; produced by G-1 (1uM).
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Fig. 2. G-1-induced depolarization of nucleus ambiguus neurons

A, Representative example of G-1-induced depolarization (solid trace) in cultured
retrogradely labeled cardiac vagal neurons of nucleus ambiguus; the effect was prevented by
pretreatment with G36 (dotted trace). B, Comparison of the mean amplitude of
depolarizations produced by G-1 (10 nM - 1 uM) in the absence and presence of G36 (1
M) in retrogradely labeled cardiac vagal neurons. *, < 0.05 as compared to resting
membrane potential; **, £< 0.05, as compared to the depolarization produced by G-1
(1M). C, Electrophysiological properties of nucleus ambiguus neurons in medullary slices.
Depolarizing stimuli (50 pA and 100 pA) elicited action potentials. D, G-1 (10 nM, 100 nM
and 1000 nM) caused an increase in firing activity and depolarization accompanied by a
decrease in membrane resistance. Downward deflections superimposed on the membrane
potential are hyperpolarizing electrotonic potentials induced by constant current pulses (30
pA amplitude, 300 ms duration), and were used to monitor the membrane resistance. E, G-1
(10 nM — 1000 nM) produced a concentration-dependent depolarization.
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Fig. 3. G-1-induced inward current in nucleus ambiguus neurons

A, Voltage steps (a) from —140 to 0 mV applied from a holding current of =60 mV induced
currents (b) whose steady state values were used to construct current-voltage relationships.
B, Representative example of steady state current values in response to voltage steps from
-140 to 0 mV, before and after administration of G-1 (100 nM). C, Representative example
of G-1-induced inward currents obtained by substraction of the IV curves obtained before
and during perfusion with G-1.
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Fig. 4. Bar diagrams showing decreasesin heart rate dicited by microinjection of L-Glu and G-1
into the nucleus ambiguus
A, Comparison of heart rate (HR) values before and after microinjection of L-Glu (5 mM/30

nl) and G-1 (10 wM/30 nl) into the nucleus ambiguus. * A< 0.001. B, Decreases in HR
elicited by three consecutive microinjections of G-1 (10 wM/30 nl); no tachyphylaxis was
seen with repeated microinjections of G-1 when the interval was kept at least 60 min.
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Fig. 5. Blockade of G-1 induced bradycardia by prior microinjections of the GPER antagonist
A, Group data summarizing the decrease in heart rate (HR) produced by microinjection of
L-Glu (5 mM/30 nl), G-1 (10 M/30 nl) and G-1 (10 M/30 nl) after the antagonist, G36
(10 M/30 nl), into the nucleus ambiguus (*/~ < 0.0001 as compared to G-1 microinjection
before G36). B, lllustration of a representative experiment, where injection of L-glutamate
(L-Glu, 5 mM,/30 nl) into nucleus ambiguus elicited a bradycardia (a). At the same site,
microinjection of vehicle (Veh, DMSO 0.1%) did not elicit any changes in heart rate (HR)

or blood pressure (b). Microinjection of G-1 (10 wM/30 nl) at the same site elicited a

prolonged bradycardia with no changes in blood pressure (c). Microinjection of G-36 (10
pM/30 nl) into nucleus ambiguus did not change the HR and blood pressure (d), but blocked

Exp Physiol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brailoiu et al.

the G-1-induced bradycardia (e). Abbreviations: MAP, mean arterial pressure, PAP,
pulsatile arterial pressure.
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1 mm

Fig. 6. Histological identification of microinjection sites

A-E, Drawings of coronal sections at levels 1.1 mm rostral to 0.3 mm caudal to the calamus
scriptorius (CS). Microinjection sites are shown as dark spots; each spot represents a site in
one animal (n = 10). Abbreviations: AP, area postrema; CC, central canal; DMNV, dorsal
motor nucleus of vagus; nAmb, nucleus ambiguus; NTS, nucleus tractus solitarius; Sp5,
spinal trigeminal tract; 4V, fourth ventricle; 12, hypoglossal nucleus.
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Fig. 7. Bilateral microinjections of G36 into the nucleus ambiguous blocked the bradycardia

induced by systemic injection of G-1

A, G-1 (41.2 ng/kg — 20.6 p.g/kg) produced a concentration-dependent decrease in HR; the
bradycardia induced by G-1 (4.12 pg/kg) was markedly decreased by atropine (2 mg/kg) *,
P < 0.05 as compared to control saline injection; #, P<0.05 as compared to G-1 (4.12 pg/kg).
B, Systemic (i.v.) administration of G-1 (4.12 pg/kg) elicited a decrease in heart rate and

blood pressure (a). Bilateral microinjection of L-Glu (5 mM/30 nl) into the nucleus

ambiguus, 60 min later, elicited bradycardia without any changes in blood pressure (b),
while bilateral microinjection of vehicle (Veh, 0.1% DMSO) into the same site did not elicit
any changes in BP and HR (c). Bilateral microinjection of G36 did not have any effect on
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HR and blood pressure by itself (d), but blocked the G-1-induced bradycardia (e). The L-
Glu-induced bradycardia was preserved after GPER blockade (f). Abbreviations: HR, heart
rate; MAP, mean arterial pressure, PAP, pulsatile arterial pressure; Lt nAmb, left nucleus
ambiguus, and Rt nAmb, right nucleus ambiguus.
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