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Key points

• Faster cellular effects of aldosterone incompatible with the genomic effects mediated by
mineralocorticoid receptors have been proposed for 40 years but the receptors remained elusive.

• Recently, aldosterone has been shown to activate the G protein-coupled oestrogen receptor
(GPER) in the vasculature.

• Our results indicate that aldosterone activates the GPER in cardiac vagal neurons of nucleus
ambiguus leading to an increase in cytosolic Ca2+ concentration and depolarization; in
addition, in vivo studies indicate that microinjection of aldosterone in nucleus ambiguus
produces bradycardia in conscious rats.

• In summary, our results identified a new role for aldosterone in the modulation of cardiac
vagal tone via GPER activation in nucleus ambiguus.

Abstract In addition to acting on mineralocorticoid receptors, aldosterone has been recently
shown to activate the G protein-coupled oestrogen receptor (GPER) in vascular cells. In light
of the newly identified role for GPER in vagal cardiac control, we examined whether or not
aldosterone activates GPER in rat nucleus ambiguus. Aldosterone produced a dose-dependent
increase in cytosolic Ca2+ concentration in retrogradely labelled cardiac vagal neurons of nucleus
ambiguus; the response was abolished by pretreatment with the GPER antagonist G-36, but
was not affected by the mineralocorticoid receptor antagonists, spironolactone and eplerenone.
In Ca2+-free saline, the response to aldosterone was insensitive to blockade of the Ca2+ release
from lysosomes, while it was reduced by blocking the Ca2+ release via ryanodine receptors and
abolished by blocking the IP3 receptors. Aldosterone induced Ca2+ influx via P/Q-type Ca2+

channels, but not via L-type and N-type Ca2+ channels. Aldosterone induced depolarization
of cardiac vagal neurons of nucleus ambiguus that was sensitive to antagonism of GPER but
not of mineralocorticoid receptor. in vivo studies, using telemetric measurement of heart rate,
indicate that microinjection of aldosterone into the nucleus ambiguus produced a dose-dependent
bradycardia in conscious, freely moving rats. Aldosterone-induced bradycardia was blocked by
the GPER antagonist, but not by the mineralocorticoid receptor antagonists. In summary, we
report for the first time that aldosterone decreases heart rate by activating GPER in cardiac vagal
neurons of nucleus ambiguus.
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Introduction

Aldosterone, a member of the renin–angiotensin–
aldosterone system, is classically involved in the
regulation of salt and water homeostasis by acting on
mineralocorticoid receptors in the kidney. Activation
of mineralocorticoid receptors by aldosterone leads to
genomic effects, modulation of gene transcription and
protein synthesis, characterized by a delayed onset
of action. Faster actions of aldosterone, insensitive
to blockade of mineralocorticoid receptors, have been
described in vitro and in vivo (Schneider et al. 1997;
Wehling et al. 1998; Liu et al. 2003; Schmidt et al.
2003; Lösel et al. 2004). Moreover, rapid non-genomic
aldosterone effects were reported in the mineralocorticoid
receptor knockout mouse suggesting that they were
produced by a receptor distinct from the intracellular
mineralocorticoid receptor (Haseroth et al. 1999).
Recently, aldosterone has been reported to act rapidly via
the G protein-coupled oestrogen receptor (GPER; Gros
et al. 2011a,b, 2013; Feldman & Gros, 2011).

In addition to the peripheral effects, aldosterone acts
centrally to stimulate sympathetic tone and to increase
the blood pressure (Yu et al. 2008; Zhang et al. 2008).
The effects of aldosterone on vagal tone are poorly under-
stood: aldosterone has been reported to increase (Heindl
et al. 2006), decrease (Yee & Struthers, 1998; Schmidt et al.
2005) or to produce biphasic (Schmidt et al. 1999) effects
on the cardiac vagal tone and baroreflex. As we recently
identified that activation of GPER in the nucleus ambiguus
increases vagal tone and produces bradycardia (Brailoiu
et al. 2013), in the current study we examined the in vitro
and in vivo effects of aldosterone mediated by GPER in
cardiac preganglionic neurons of nucleus ambiguus.

Methods

Ethical approval

Animal protocols were approved by the Institutional
Animal Care and Use Committee of Thomas Jefferson
University and Temple University.

Chemicals

Aldosterone, 2-aminoethoxydiphenyl borate (2-APB),
spironolactone, ω-conotoxin MVIIC and ω-conotoxin
GVIA were from Sigma-Aldrich (St Louis, MO, USA);
eplerenone was from Tocris Bioscience (R&D Systems,
Minneapolis, MN, USA); xestospongin C and ryanodine
were from EMD Chemicals Inc. (San Diego, CA, USA);
and G-1 and G-36 were synthesized by J. B. Arterburn.

Animals

Neonatal Sprague–Dawley rats (1–2 days old) were used
for retrograde tracing, and neuronal culture. Adult male

Sprague–Dawley rats (200–250 g) were used for telemetry
experiments. At the end of the experiments, anesthetized
adult rats were euthanized by CO2 inhalation followed by
decapitation.

Neuronal labelling and culture

Cardiac vagal preganglionic neurons of nucleus ambiguus
were retrogradely labelled by intrapericardial injection
of rhodamine (X-RITC, 40 μl, 0.01%, Invitrogen,
Carlsbad, CA, USA), as previously described (Brailoiu
et al. 2012, 2013). Medullary neurons were dissociated
and cultured, 24 h after rhodamine injection. Briefly,
the brains were quickly removed and immersed in
ice-cold Hanks’ balanced salt solution (Mediatech,
Manassas, VA, USA). 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 g , fractions enriched in neurons were
collected and resuspended in culture medium containing
Neurobasal-A (Invitrogen), which promotes the survival
of postnatal neurons, 1% GlutaMax (Invitrogen),
2% penicillin–streptomycin–amphotericin B solution
(Mediatech) and 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA, USA). Cells were plated
on round 25 mm glass coverslips previously coated with
poly-L-lysine (Sigma-Aldrich) in 6-well plates. Cultures
were maintained at 37◦C in a humidified atmosphere
with 5% CO2. The mitotic inhibitor cytosine β-arabino
furanoside (1 μM; Sigma-Aldrich) was added to the culture
to inhibit glial cell proliferation (Schöniger et al. 2001).
Cells were used for calcium imaging after 2–4 days in
culture.

Calcium imaging

Measurements of [Ca2+]i were carried out in
rhodamine-labelled neurons as previously described
(Brailoiu et al. 2012, 2013). Cells were incubated with
the acetoxymethyl ester form of fura-2 (fura-2 AM; 4 μM;
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.
Coverslips (25 mm diameter) were subsequently mounted
in an open bath chamber (RP-40LP, Warner Instruments,
Hamden, CT, USA) on the stage of an inverted micro-
scope Nikon Eclipse TiE (Nikon Inc., Melville, NY,
USA). The microscope was equipped with a Perfect
Focus System and a Photometrics CoolSnap HQ2 CCD
camera. During the experiments, the Perfect Focus System
was activated. Rhodamine (emission 580 nm)-labelled
neurons were identified after excitation at 510 nm.
Fura-2 AM fluorescence (emission 510 nm), following
alternate excitation at 340 and 380 nm, was acquired at a
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frequency of 0.25 Hz. Images were acquired and analysed
using NIS-Elements AR software (Nikon). The ratio of
the fluorescence signals (340 nm/380 nm) was converted
to Ca2+ concentrations (Grynkiewicz et al. 1985).

Measurement of membrane potential

The relative changes in membrane potential of single
neurons were evaluated using bis-(1,3-dibutylbarbituric
acid) trimethine oxonol (DiBAC4(3); Invitrogen), a slow
response voltage-sensitive dye, as previously described
(Brailoiu et al. 2010, 2013). Upon membrane hyper-
polarization, the dye concentrates in the cell membrane,
leading to a decrease in fluorescence intensity, while
depolarization induces the sequestration of the dye
into the cytosol, resulting in an increase of the
fluorescence intensity (Brauner et al. 1984). Cultured
neurons were incubated for 30 min in HBSS containing
0.5 mM DiBAC4(3) and fluorescence monitored at 0.17 Hz
(excitation/emission 480 nm/540 nm). Calibration of
DiBAC4(3) fluorescence following background sub-
traction was performed using the Na+–K+ ionophore
gramicidin in Na+-free physiological solution and various
concentrations of K+ (to alter membrane potential) and
N-methylglucamine (to maintain osmolarity; Brauner
et al. 1984). Under these conditions the membrane
potential is approximately equal to the K+ equilibrium
potential determined by the Nernst equation. The intra-
cellular K+ and Na+ concentration were assumed to be
130 mM and 10 mM, respectively.

Surgical procedures

Male Sprague–Dawley rats (200–250 g) were anaesthetized
with an intraperitoneal injection of a mixture of ketamine
hydrochloride (100–150 mg kg−1) and acepromazine
maleate (0.2 mg kg−1). Animals were placed into
a stereotaxic instrument; a guide C315G cannula
(PlasticsOne, Roanoke, VA, USA) was bilaterally inserted
into the nucleus ambiguus and fixed in position
with dental cement. The stereotaxic coordinates for
identification of nucleus ambiguus were: 12.24 mm post-
erior to bregma, 2.1 mm from the midline and 8.2 mm
ventral to the dura mater (Paxinos & Watson, 1998).
A C315DC cannula dummy (PlasticsOne) of identical
length was inserted into the guide cannula to prevent any
contamination. For the implantation of transmitters, an
incision 2 cm in length was made along the linea alba,
and the underlying tissue was dissected and retracted.
A calibrated transmitter (E-mitters, series 4000; Mini
Mitter, Sunriver, OR, USA) was inserted in the intra-
peritoneal space, as previously described (Benamar et al.
2010). After the transmitter was passed through the
incision, the abdominal musculature and dermis were

sutured independently, and the animals were returned
to individual cages. The animals were observed daily to
ensure health and recovery.

Microinjection into nucleus ambiguus

One week after surgery, either vehicle, or the compound
tested was bilaterally microinjected into the nucleus
ambiguus, using a C315I internal cannula (33 gauge,
PlasticsOne), without handling the rats. At least 2 h
were allowed between two injections for recovery. In all
in vivo experiments, two types of controls were used:
microinjection of saline was used as a negative control
and microinjection of L-glutamate (5 mM, 50 nl with a
Neuros Hamilton syringe, Model 7000.5 KH SYR) was
used for the functional identification of nucleus ambiguus
(Chitravanshi et al. 2009; Brailoiu et al. 2013). In some
experiments, rats bearing a cannula in nucleus ambiguus
and the intraperitoneal transmitter were anaesthetized
with ketamine hydrochloride (100–150 mg kg−1) and
acepromazine maleate (0.2 mg kg−1), and one of the
femoral veins was cannulated for intravenous injection
of atropine.

Telemetric heart rate monitoring

The signal generated by transmitters was collected via
series 4000 receivers (Mini Mitter) placed underneath the
home cage. VitalView software (Mini Mitter) was used for
data acquisition. Each data point represents the average
heart rate per 1 min.

Statistical analysis

Data were expressed as mean ± standard error of mean
(SEM). One-way ANOVA followed by post hoc analysis
using Bonferonni and Tukey tests was used to evaluate
significant differences between groups; P < 0.05 was
considered statistically significant.

Results

Aldosterone increases [Ca2+]i in preganglionic
neurons of nucleus ambiguus

In rhodamine-labelled neurons, aldosterone (10−8 M)
produced a fast and long-lasting increase in cyto-
solic Ca2+ concentration ([Ca2+]i; Fig. 1A and B); the
increase in [Ca2+]i reached a peak within 2 min after
aldosterone treatment and maintained a long-lasting
plateau (for about 10 min). G-36 (10−6 M), the GPER
antagonist (Dennis et al. 2011), did not elicit a change
in [Ca2+]i, but abolished the response to aldosterone
(10−8 M; Fig. 1A and B); cells were treated with G-36
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Figure 1. Aldosterone increases [Ca2+]i in cardiac vagal preganglionic neurons of nucleus ambiguus via
GPER activation

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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for 10 min before aldosterone and for the duration of
aldosterone treatment. The mineralocorticoid receptor
antagonists spironolactone (10−6 M) and eplerenone
(10−6 M) did not significantly affect the Ca2+ response
to aldosterone (Fig. 1A–B); the neurons were treated
with spironolactone and eplerenone for 30 min before
aldosterone and for the duration of aldosterone
administration. Aldosterone (10−10, 10−9, 10−8 and
10−7 M) produced a dose-dependent increase in [Ca2+]i by
14 ± 1.6 nM, 98 ± 1.7 nM, 214 ± 3.4 nM and 239 ± 3.1 nM,
respectively (n = 6 for each concentration tested). Pre-
treatment with the GPER antagonist G-36 (10−6 M,
10 min) abolished the response to aldosterone (10−8 M);
�[Ca2+]i = 17 ± 1.4 nM in the presence of G-36 as
compared to 214 ± 3.4 nM in the absence of the
antagonist, while spironolactone or eplerenone did
not significantly affect the aldosterone-induced Ca2+

response; �[Ca2+]i = 209 ± 3.1 nM in the presence of
spironolactone, and 211 ± 2.8 nM in the presence of
eplerenone (Fig. 1B). Representative examples of changes
in 340/380 fluorescence ratio in rhodamine-labelled
neurons of nucleus ambiguus in response to aldosterone
in the absence and presence of the GPER and
mineralocorticoid receptor antagonists are shown in
Fig. 1C.

Aldosterone promotes Ca2+ release via inositol
1,4,5-trisphosphate (IP3) and ryanodine receptors

In Ca2+-free saline, aldosterone (10−8 M) produced a fast
and transitory increase in [Ca2+]i (Fig. 2A) with a lower
amplitude than that occurring in Ca2+-containing saline
(Fig. 1A and B). The response elicited by aldosterone
in Ca2+-free saline was not significantly affected by
blocking Ca2+ release from endo-lysosomes with Ned-19
(5 μM, 15 min; Naylor et al. 2009), while it was reduced
by antagonism of ryanodine receptors with ryanodine
(10 μM, 1 h), and abolished by blockade of IP3 receptors
with xestospongin C (XeC, 10 μM, 15 min) and 2-APB
(100 μM, 15 min; Fig. 2A). Representative examples of
aldosterone-induced Ca2+ responses are shown in Fig. 2A
and the comparison of the amplitude of Ca2+ increases
produced by aldosterone in Ca2+-free saline, in the
absence and presence of the antagonists, is shown
in Fig. 2B. Aldosterone-induced increase in [Ca2+]i in

Ca2+-free saline was 143 ± 2.9 nM; in the presence
of Ned-19, �[Ca2+]i = 135 ± 3.2 nM (n = 6, P > 0.05);
the response decreased to 81 ± 1.6 nM in the pre-
sence of ryanodine (n = 6, P < 0.05) and was practically
abolished (�[Ca2+]i = 12 ± 1.8 nM) in the presence of
xestospongin C and 2-APB (Fig. 2B).

Aldosterone promotes Ca2+ influx via voltage-gated
P/Q channels

Since the Ca2+ response to aldosterone was reduced
in Ca2+-free saline, this indicates that Ca2+ influx, in
addition to Ca2+ release from internal stores, is involved
in aldosterone-induced increase in [Ca2+]i. We assessed
the contribution of Ca2+ influx via voltage-gated L-, N-
and P/Q-type Ca2+ channels in the Ca2+ response elicited
by aldosterone. Blockade of L-type Ca2+ channels with
nifedipine (1 μM, 10 min) or that of N-type channels with
ω-conotoxin GVIA (100 nM, 10 min) did not significantly
affect the response to aldosterone, while blockade of
voltage-gated P/Q Ca2+ channels with ω-conotoxin
MVIIC (100 nM, 10 min) markedly reduced the response;
examples of representative recordings are shown in
Fig. 3A. We assessed the amplitude of the increase in
[Ca2+]i produced by aldosterone at the peak and on
the plateau phase of the response; comparison of the
changes in amplitude in the presence of the Ca2+ channels
blockers are shown in Fig. 3B. The mean amplitude of the
aldosterone-induced increase in [Ca2+]i in the absence
of the blockers, on the plateau phase was 189 ± 2.8 nM;
nifedipine and conotoxin GVIA did not significantly affect
the Ca2+ response to aldosterone; on the plateau phase,
�[Ca2+]i = 173 ± 3.4 nM, in the presence of nifedipine,
and 186 ± 2.8 nM in the presence of conotoxin GVIA, as
compared to 189 ± 2.8 nM in the absence of the blockers
(n = 6 for each condition, P > 0.05), while conotoxin
MVIIC (100 nM) abolished the plateau phase of the
response to aldosterone (�[Ca2+]i = 6 ± 1 nM; n = 6,
P < 0.05) and reduced the peak of the response (Fig. 3B).

Aldosterone depolarizes preganglionic vagal neurons
of nucleus ambiguus

Aldosterone (10−8 M) produced a long-lasting
depolarization of rhodamine-labelled neurons of nucleus

A, representative examples of Ca2+ responses upon administration of aldosterone (10−8 M) in the absence and
presence of GPER antagonist G-36 and mineralocorticoid antagonists spironolactone and eplerenone. G-36 did
not affect the [Ca2+]i, but abolished the response elicited by aldosterone. B, comparison of the Ca2+ responses
elicited by increasing concentrations of aldosterone (Aldo, 10−10, 10−9, 10−8 and 10−7 M) in the presence of
G-36 (10−6 M), spironolactone (10−6 M) and eplerenone (10−6 M); ∗P < 0.05 as compared to basal [Ca2+]i levels;
∗∗P < 0.05 as compared with Ca2+ response induced by aldosterone (10−8 M). C, Fura-2 AM fluorescence ratio
(340 nm/380 nm) of rhodamine-labelled neurons, before and after treatment with aldosterone (Aldo, 10−8 M) in
the absence and presence of G-36, spironolactone and eplerenone; hot colours indicate an increased fluorescence
ratio, cold colours indicate low fluorescence ratio.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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ambiguus (Fig. 4A). The GPER antagonist G-36 (10−6 M),
while not producing any change in membrane potential,
when applied alone abolished the depolarization induced
by aldosterone (10−8 M; Fig. 4A). On the other hand,
aldosterone-induced depolarization was not affected
by spironolactone (10−6 M) or eplerenone (10−6 M);

the neurons were treated with the mineralocorticoid
antagonists for 30 min before aldosterone and for the
duration of aldosterone application (Fig. 4A). The mean
amplitude of depolarization produced by aldosterone
(10−10, 10−9, 10−8 and 10−7 M) was 0.27 ± 0.16 mV,
1.19 ± 0.37 mV, 5.8 ± 0.81 mV and 6.34 ± 0.63 mV,

Figure 2. Aldosterone promotes Ca2+ release via IP3 and ryanodine receptors
A, representative examples of increases in [Ca2+]i produced by aldosterone (10−8 M) in Ca2+-free saline before (top
left) or after treatment with Ned-19 (1 μM, top right), ryanodine (Ry, 10 μM, bottom left) or xestospongin C (XeC,
10 μM) and 2-APB (100 μM, bottom right); the arrows indicate the treatment with aldosterone. B, comparisons
of mean amplitude ± SEM of [Ca2+]i increases produced by aldosterone in Ca2+-free saline and the blocker(s)
mentioned (∗P < 0.05 compared to the response to aldosterone alone; ∗∗P < 0.05 as compared to [Ca2+]i increases
produced by aldosterone in the presence of ryanodine).

Figure 3. Aldosterone promotes Ca2+ influx through P/Q-type voltage-gated Ca2+ channels
A, representative traces illustrating the Ca2+ responses of nucleus ambiguus neurons to aldosterone (10−8 M)
treatment in the presence of nifedipine (L-type Ca2+ channel blocker, 1 μM, top), ω-conotoxin GVIA (GVIA, N-type
Ca2+ channel blocker, 100 nM, middle) or ω-conotoxin MVIIC (MVIIC, P/Q-type Ca2+ channel blocker, 100 nM,
bottom). B, comparison of the mean amplitude ± SEM of [Ca2+]i increases produced by aldosterone at the peak
and on the plateau of the response in the indicated conditions; P < 0.05 as compared to the peak (∗) or plateau
(∗∗) of the Ca2+ response produced by aldosterone alone.
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respectively (n = 6 for each concentration). Pretreatment
with G-36 (10−6 M, 10 min) abolished the response
to aldosterone (�voltage = −0.43 ± 0.09 mV), while
pretreatment with spironolactone (10−6 M) or eplerenone
(10−6 M) did not significantly affect the depolarization
induced by aldosterone (�voltage = 5.7 ± 0.72 mV and
5.5 ± 0.84 mV in the presence of spironolactone and
eplerenone, respectively, as compared to 5.8 ± 0.81 mV in
the absence of the antagonists; n = 6, P > 0.05; Fig. 4B).

Functional identification of nucleus ambiguus

Microinjection of control saline into nucleus ambiguus
did not affect the heart rate, while microinjection of
L-glutamate (L-Glu, 5 × 10−3 M, 50 nl) at the same site
elicited a bradycardic response in anaesthetized rats
(Fig. 5A), as previously reported (Chitravanshi et al. 2009,
2012; Brailoiu et al. 2013), indicating the correct placement
of the cannula. The bradycardic effect induced by micro-
injection of L-glutamate was prevented by I.V. injection
of atropine (2 mg kg−1), a potent muscarinic receptor
antagonist (Fig. 5A), indicating that the response was
cholinergic-mediated. The comparison of the amplitude
of the heart rate change produced by control saline,
L-glutamate, and L-glutamate after atropine, is illustrated
in Fig. 5B. In anaesthetized rats, microinjection of
L-glutamate into the nucleus ambiguus decreased the heart
rate by 76 ± 2.5 beats min−1 (n = 5).

Microinjection of aldosterone into nucleus ambiguus
decreases the heart rate in awake rats

In conscious, freely moving rats bearing a cannula
implanted into nucleus ambiguus, microinjection of
control saline did not modify the heart rate, while
microinjection of L-glutamate (L-Glu, 5 × 10−3 M, 50 nl)
elicited a bradycardic response (Fig. 6A) similar to that
previously reported in anaesthetized rats (Chitravanshi
et al. 2009, 2012; Brailoiu et al. 2013). Microinjection of
aldosterone (10−7 M, 50 nl), or G-1 (10−5 M), the synthetic
GPER agonist (Bologa et al. 2006), or concomitant
microinjection of aldosterone and G-1, at the same
site, produced a decrease in heart rate; representative
examples are shown in Fig. 6A. A comparison of the
amplitude of the heart rate changes produced by micro-
injection of the compounds is shown in Fig. 6B. In
conscious rats, microinjection of L-glutamate (5 × 10−3 M,
50 nl) into the nucleus ambiguus reduced the heart
rate by 89 ± 3.5 beats min−1 (n = 5). Microinjection
of aldosterone (10−10 M, 10−9 M, 10−8 M, 10−7 M and
10−6 M; 50 nl) produced a dose-dependent decrease in
heart rate by 6 ± 2, 18 ± 1.7, 31 ± 2.9, 46 ± 2.8 and
45 ± 3.1 beats min−1, respectively (n = 5). Microinjection
of G-1 (10−5 M) that produced a maximal bradycardic
response in our previous study in anaesthetized rats
(Brailoiu et al. 2013) elicited a decrease in heart rate
by 64 ± 3.1 beats min−1 (Fig. 6B). Concomitant micro-
injection of G-1 (10−5 M) and aldosterone (10−7 M),

Figure 4. Aldosterone elicits depolarization of cardiac preganglionic neurons of nucleus ambiguus
A, representative recordings illustrating changes in membrane potential of cardiac vagal neurons upon application
of aldosterone (10−8 M), G-36 (10−6 M) alone, and aldosterone (10−8 M), in the presence of the GPER antagonist
G-36 (10−6 M) or of the mineralocorticoid receptor antagonists spironolactone (10−6 M) and eplerenone (10−6 M).
B, aldosterone (10−10, 10−9, 10−8 and 10−7 M) produces a concentration-dependent depolarization of nucleus
ambiguus neurons. The response to 10−8 M aldosterone is sensitive to antagonism of GPER by G-36, but not
to the antagonism of mineralocorticoid receptor by spironolactone or eplerenone; P < 0.05 compared to basal
membrane potential (∗) or to the depolarization induced by 10−8 M aldosterone (∗∗).

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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decreased heart rate by 63 ± 3.4 beats min−1 (Fig. 6B), that
was not significantly different from G-1 alone (P > 0.05).

Aldosterone-induced bradycardia is blocked by the
GPER antagonist in awake rats

In the next series of experiments we tested the sensitivity
of the bradycardic response elicited by aldosterone
to the antagonism of GPER and mineralocorticoid
receptors. Microinjection of G-36 (10−6 M), the GPER
antagonist, into the nucleus ambiguus, did not produce
a significant change in heart rate; concomitant micro-
injection of G-36 (10−6 M) and aldosterone (10−8 M),

abolished the bradycardia elicited by aldosterone (Fig. 7A).
Microinjection of spironolactone (10−6 M) or eplerenone
(10−6 M) concomitant with aldosterone (10−8 M), did
not produce a noticeable effect on aldosterone-induced
bradycardia (Fig. 7A). Comparison of the changes in
heart rate elicited by the microinjection into nucleus
ambiguus of aldosterone in the absence and pre-
sence of the GPER and mineralocorticoid antagonists is
illustrated in Fig. 7B. The bradycardic response elicited
by aldosterone (10−8 M) was abolished by G-36 (10−6 M);
in the presence of G-36, aldosterone increased the heart
rate by 11 ± 1.8 beats min−1. Microinjection of G-36
(10−6 M) alone produced an insignificant increase in heart
rate by 10 ± 1.9 beats min−1 (P > 0.05). Spironolactone

Figure 5. Control microinjections and functional identification of nucleus ambiguus
A, examples of changes in heart rate after microinjection of control saline, L-glutamate (L-Glu, 5 × 10−3 M, 50 nl)
and L-Glu after atropine (2 mg kg−1) in anaesthetized rats; L-Glu-induced bradycardia was abolished by atropine.
B, comparison of the heart rate changes produced by microinjection of saline, L-Glu and L-Glu after atropine;
∗P < 0.05 and ∗∗P > 0.05 as compared to control saline injection.

Figure 6. Microinjection of aldosterone into nucleus ambiguus elicits bradycardia in conscious rats
A, example of changes in heart rate after microinjection of control saline, L-glutamate (L-Glu, 5 × 10−3 M, 50 nl),
aldosterone (Aldo, 10−7 M, 50 nl), G-1 (10−5 M, 50 nl) and concomitant microinjection of aldosterone (10−7 M)
and G-1 (10−5 M). B, comparison of the heart rate changes produced by microinjection in the nucleus ambiguus of
saline, L-Glu, aldosterone and G-1, in conscious rats. Aldosterone (10−10 to 10−6 M) produced a dose-dependent
decrease in heart rate. Comparison of the amplitude of bradycardia produced by maximal doses of aldosterone
(10−7 M) and G-1(10−5 M). ∗P < 0.05; ∗∗P > 0.05.
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(10−6 M) or eplerenone (10−6 M) did not significantly
affect the bradycardic response induced by aldosterone;
the heart rate decreased by 29 ± 1.6 beats min−1 in
the presence of aldosterone and spironolactone and
by 32 ± 2.4 beats min−1 in the presence of aldosterone
and eplerenone as compared to a decrease by 31 ± 2.9
beats min−1 produced by the same dose (10−8 M) of
aldosterone alone (n = 5; Fig. 7B).

Discussion

Increasing evidence supports the non-genomic actions of
aldosterone (for review see Funder, 2005). Despite the fact
that the receptors mediating faster effects of aldosterone
remained unclear, recent evidence indicates that GPER
mediates non-genomic effects of aldosterone (Gros et al.
2011a,b, 2013; Feldman & Gros, 2011; Funder, 2011).
We have previously reported that GPER is expressed in
nucleus ambiguus neurons (Brailoiu et al. 2007) and its
activation leads to bradycardia (Brailoiu et al. 2013). In
the current study we examined the effect of aldosterone on
cardiac vagal neurons of nucleus ambiguus using in vitro
and in vivo approaches.

Since one of the non-genomic effects associated
with aldosterone action is an increase in cytosolic
Ca2+ concentration ([Ca2+]i; Wehling et al. 1995;
Schneider et al. 1997; Estrada et al. 2000; Harvey &
Higgins, 2000), and GPER activation increases cyto-

solic Ca2+ in several cellular models (Revankar et al.
2005; Brailoiu et al. 2007; Tica et al. 2011: Deliu
et al. 2012; Brailoiu et al. 2013) we first used calcium
imaging to examine the effects of aldosterone in
cardiac-projecting neurons of nucleus ambiguus. Neurons
were retrogradely labelled with rhodamine, a reliable
marker for identification of cardiac preganglionic vagal
neurons (Bouairi et al. 2006; Brailoiu et al. 2012,
2013).

Aldosterone increased cytosolic Ca2+ concentration
in rhodamine-labelled cardiac vagal neurons of nucleus
ambiguus in a dose-dependent manner. Similarly,
aldosterone has been reported to increase cytosolic Ca2+

in other cell models such as human colon cells (Doolan
et al. 1998), rat vascular smooth muscle cells (Wehling
et al. 1995), and porcine endothelial cells (Schneider et al.
1997). In addition, in nucleus ambiguus neurons, the
Ca2+ response elicited by aldosterone was prevented by
G-36, an antagonist of GPER, supporting the involvement
of GPER. We have recently reported that another GPER
synthetic agonist, G-1 (Bologa et al. 2006) increased cyto-
solic Ca2+ in cardiac vagal neurons of nucleus ambiguus;
similarly, the effect of G-1 on Ca2+ was abolished by G-36
(Brailoiu et al. 2013). With respect to the increase in
cytosolic Ca2+ produced, aldosterone was more potent,
but less efficacious than G-1. The increase in cyto-
solic Ca2+ produced by aldosterone was faster, reaching
a peak within 2 min after aldosterone treatment, and
maintained a long-lasting plateau (for about 10 min).

Figure 7. Aldosterone-induced bradycardia is mediated by GPER
A, example of changes in heart rate after microinjection of control saline, L-glutamate (L-Glu, 5 × 10−3 M, 50 nl),
aldosterone (Aldo, 10−8 M, 50 nl), G-36 (10−6 M) and aldosterone (Aldo, 10−8 M, 50 nl) in the presence of G-36
(10−6 M), spironolactone (10−6 M) or eplerenone (10−6 M). The decrease in heart rate produced by aldosterone
(10−8 M) was abolished by the GPER antagonist, G-36 (10−6 M), while not affected by the mineralocorticoid
receptor antagonists spironolactone (10−6 M) and eplerenone (10−6 M). B, comparison of the change in heart
rate induced by microinjection into nucleus ambiguus of aldosterone in the absence and presence of GPER and
mineralocorticoid receptor antagonists. ∗P < 0.05 and ∗∗P > 0.05 as compared to bradycardia induced by 10−8 M

aldosterone.
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Similarly, aldosterone produced a fast-onset increase in
cytosolic Ca2+ followed by a plateau, in skin cells from
mineralocorticoid receptor knockout mice (Haseroth et al.
1999). On the other hand, in nucleus ambiguus neurons,
the increase in cytosolic Ca2+ occurred 5–6 min after
G-1 administration and was also followed by a sustained
increase (Brailoiu et al. 2013). The delayed response to
G-1 was similar to our previous findings in hypothalamus
neurons (Brailoiu et al. 2007), spinal cord neurons (Deliu
et al. 2012), or in myometrial cells (Tica et al. 2011).
These differences in the Ca2+ response elicited by G-1 and
aldosterone may be due to differences in drug–receptor
interaction for GPER agonists. While the activation of
GPER by oestrogen, an endogenous agonist, and G-1, a
synthetic agonist, has been extensively studied (Revankar
et al. 2005; Bologa et al. 2006; Prossnitz & Barton, 2011),
there is limited information on the pharmacology of
aldosterone–GPER interaction.

Another notable observation was that aldosterone-
induced increase in cytosolic Ca2+ was not affected
by administration of mineralocorticoid antagonists
spironolactone and eplerenone, in concentrations that
reduced the response to aldosterone in other cellular
models (Gros et al. 2011b). The aldosterone-induced Ca2+

response in skeletal muscle cells was also insensitive to
spironolactone (Estrada et al. 2000).

With respect to the source of Ca2+, we found that
both Ca2+ release from internal stores and Ca2+ influx
were involved. In human colon cells (Doolan et al.
1998), vascular smooth muscle cells (Wehling et al. 1995),
and porcine endothelial cells (Schneider et al. 1997),
the predominant mechanism of aldosterone-induced
Ca2+ increase was Ca2+ release from internal stores. In
nucleus ambiguus neurons, aldosterone releases Ca2+

via activation of IP3 receptors, and less via ryanodine
receptors. IP3 receptors and ryanodine receptors are
Ca2+-release channels located predominantly on the end-
oplasmic reticulum (Berridge, 1998). The endoplasmic
reticulum Ca2+ store is sensitive to thapsigargin, an
inhibitor of the sarcoplasmic/endoplasmic reticulum
ATPase. Similarly, in rat and rabbit aortic smooth muscle
cells, aldosterone mobilizes Ca2+ from endoplasmic
reticulum thapsigargin-sensitive stores (Wehling et al.
1995). On the other hand, endo-lysosomal Ca2+ stores did
not seem to play a role in Ca2+ mobilization by aldosterone
in nucleus ambiguus, as blocking of Ca2+ release from
endo-lysosomes with Ned-19 (Naylor et al. 2009) failed to
affect the Ca2+ response elicited by aldosterone.

In addition to Ca2+ release from endoplasmic
reticulum, aldosterone induced Ca2+ influx via P/Q-type
Ca2+ channels, but not via L-type and N-type Ca2+

channels in nucleus ambiguus neurons. P/Q channels
are the predominant type of voltage-gated Ca2+ channels
identified in these neurons (Irnaten et al. 2003). Similar to
aldosterone, urocortin 3 also activates P/Q Ca2+ channels

in nucleus ambiguus neurons (Chitravanshi et al. 2012,
Brailoiu et al. 2012).

Further, aldosterone induced a depolarization of
nucleus ambiguus neurons that was sensitive to
antagonism of GPER but not of mineralocorticoid
receptors. The depolarization had a similar time course to
the Ca2+ increase elicited by aldosterone; it is possible that
the depolarization induced by aldosterone triggered the
Ca2+ influx by P/Q channels. The Ca2+ influx may further
increase Ca2+ signals by activating ryanodine receptors
via a Ca2+-induced Ca2+ release mechanism. Similar to
the Ca2+ signal elicited by aldosterone, with respect to
the depolarization induced, aldosterone was more potent
but less efficacious than G-1. The depolarization induced
by aldosterone also had a faster onset: it started around
1 min after the administration of aldosterone and it
was long-lasting, while the depolarization to G-1 was
slower, reaching the peak within 5 min (Brailoiu et al.
2013), suggesting an agonist-selective interaction with the
receptor.

We tested the significance of our in vitro findings
by in vivo telemetric measurement of the heart rate
in response to microinjection of aldosterone into the
nucleus ambiguus. To prevent any potential interference of
anaesthetics with the cardiovascular reflexes (Irnaten et al.
2002a,b) as well as handling of the rats, which may act as
a stressor (McDougall et al. 2004), we examined the effect
of aldosterone in conscious, freely moving rats. Micro-
injection of aldosterone into the nucleus ambiguus induces
bradycardia, as previously reported by the synthetic GPER
agonist, G-1, in anaesthetized rats (Brailoiu et al. 2013).
Aldosterone-induced bradycardia was dose-dependent
and not affected by the mineralocorticoid antagonists
spironolactone and eplerenone, unlike previous findings
in vascular smooth muscle and endothelial cells, where
both GPER and mineralocorticoid receptors contributed
to the effects of aldosterone (Gros et al. 2011a,b).
Aldosterone-induced bradycardia was abolished by the
GPER antagonist G-36. Similarly, a recent study indicates
that the vascular effects of aldosterone or G-1 were blocked
by another GPER antagonist, G-15 (Gros et al. 2013).

To further verify whether or not GPER is a common
effector for G-1 and aldosterone, we tested the effect
of concomitant microinjection of maximal doses of G-1
and aldosterone into the nucleus ambiguus; the two
agonists did not produce a higher bradycardic response, as
compared to G-1 alone, supporting GPER as a common
pathway for the effects of G-1 and aldosterone.

Our results indicate that the activation of nucleus
ambiguus neurons by aldosterone is mediated by GPER
without an involvement of mineralcorticoid receptors,
as previously reported in other cellular models (Gros
et al. 2011a,b). In addition, our results do not support
a role for eplerenone as a GPER antagonist, as pre-
viously suggested (Funder, 2011). Lower concentrations
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of aldosterone tested in our study mimic those pre-
sent in physiological settings (Schirpenbach et al. 2006),
while higher concentrations are associated with hyper-
tension, hyperaldosteronism and heart failure (Weber,
2001; Losel et al. 2004). Moreover, aldosterone synthesis
occurs in the brain and has been involved in cardiovascular
regulation (Gomez-Sanchez et al. 2010). For example,
the aldosterone concentration in the rat hypothalamus
is around 350 pg g−1 (Huang et al. 2009).

The physiological and pathophysiological significance
of the increase in cardiac vagal tone by aldosterone remains
to be determined; it may be part of a compensatory
mechanism. Our results also propose a new mechanism
for an earlier reported increase in the cardiac vagal tone
by aldosterone in healthy humans (Heindl et al. 2006).
Moreover, the current findings indicate that GPER, in
addition to mediating the effects of aldosterone on cell
growth and vascular reactivity (Gros et al. 2011a,b, 2013),
also mediates neuronal effects of aldosterone.
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