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BACKGROUND AND PURPOSE
Activation of brain a2-adrenoceptors in conscious rodents decreases heart rate (HR) and mean arterial blood pressure (MAP)
and increases urine output and urinary sodium excretion. In vitro, a2-adrenoceptor stimulation activates Gai(1–3), Gao and
Gas-subunit protein-gated signal transduction pathways. Here we have investigated whether these same Ga-subunit
protein-gated pathways mediate the cardiovascular and renal excretory responses to central a2-adrenoceptor activation in
conscious Sprague-Dawley rats.

EXPERIMENTAL APPROACH
Rats were pre-treated by intracerebroventricular injection (i.c.v.) with an oligodeoxynucleotide (ODN) targeted to a Gai1, Gai2,
Gai3, Gao, Gas or a scrambled (SCR) ODN sequence (25 mg, 24 h). On the day of study, the a2-adrenoceptor agonist
guanabenz (50 mg) or saline vehicle, was injected i.c.v. into ODN-pre-treated conscious rats. MAP and HR were recorded, and
urine was collected for 150 min.

KEY RESULTS
In vehicle- and SCR ODN-pre-treated rats, i.c.v. guanabenz decreased MAP and HR, and produced marked diuretic and
natriuretic responses. Selective ODN-mediated down-regulation of brain Gai2-subunit proteins abolished the central
guanabenz-induced hypotension and natriuresis. In contrast, following selective Gas down-regulation, the characteristic
hypotensive response to i.c.v. guanabenz was converted to an immediate increase in MAP. The bradycardic and diuretic
responses to i.c.v. guanabenz were not blocked by pre-treatment with any ODN.

CONCLUSIONS AND IMPLICATIONS
There was functional selectivity of Gai2 and Gas subunit protein-gated signal transduction pathways in mediating the
hypotensive and natriuretic, but not bradycardic or diuretic, responses evoked by central a2-adrenoceptor activation in vivo.

Abbreviations
AVP, arginine vasopressin; BC, brain cortex; bpm, beats per minute; HR, heart rate; i.c.v., intracerebroventricular; MAP,
mean arterial blood pressure; N/OFQ, nociceptin/orphanin FQ; NRGC, nucleus reticularis gigantocellularis; ODN,
oligodeoxynucleotide; PTX, Pertussis toxin; PVN, paraventricular nucleus; SCR, scrambled; UNaV, urinary sodium
excretion; V, urine flow rate; VLM, ventrolateral medulla
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Introduction
Multiple GPCR systems located throughout the CNS modu-
late systemic cardiovascular and renal excretory function
through complex downstream signalling pathways. However,
the specific role(s) that brain Ga-subunit proteins (e.g. Gai/o,
Gas) play in producing these central GPCR-mediated physi-
ological responses in vivo remains essentially unknown.

The a2-adrenoceptor, a seven-transmembrane GPCR
(Eason and Liggett, 1995; Nasman et al., 2001; receptor
nomenclature follows Alexander et al., 2011), is highly
expressed in brain regions involved in the central control
of cardiovascular function and fluid and electrolyte homeo-
stasis (Ruffolo et al., 1991). When activated, central a2-
adrenoceptors decrease heart rate (HR), mean arterial blood
pressure (MAP) and central sympathetic outflow to the
kidneys (Grisk and DiBona, 1998; Huang and Leenen, 1998).
Concurrent with these depressor responses, stimulation of
central a2-adrenoceptors also increases urine output and
urinary sodium excretion (UNaV) (Gellai and Edwards, 1988,
Menegaz et al., 2001). The physiological importance that
central a2-adrenoceptor systems play in the regulation of
systemic cardiovascular function is highlighted by the thera-
peutic use of centrally acting a2-agonists for the treatment of
hypertension (Degoute, 2007).

Following a2-adrenoceptor stimulation, intracellular
GTP-binding regulatory protein coupling occurs, which
triggers activation of multiple downstream signal trans-
duction pathways. Immediately post-ligand binding,
a2-adrenoceptors can signal via downstream Gai(1–3), Gao

and Gas subunit protein-gated pathways as shown in differ-
ent in vitro model systems (Remaury et al., 1993; Eason and
Liggett, 1995). Through these Ga-subunit protein pathways,
activation of a2-adrenoceptors can lead to a range of cellular
responses, including modulation of adenylate cyclase activ-
ity (inhibition via Gai/o proteins vs. stimulation via Gas pro-
teins), inhibition of calcium channels, stimulation of
potassium channels and mitogen-activated kinases (ERK1/2),
all of which can modulate the activity of the CNS (Hein,
2006).

As shown in cell culture systems, the Ga-subunit selectiv-
ity and/or protein availability may play a critical role in
determining the intracellular signalling response to GPCR
activation following ligand binding (Nasman et al., 2001).
Extending this further, in investigations performed in con-
scious rats, we demonstrated that the cardiovascular depres-
sor (hypotension and bradycardia), but not diuretic,
responses produced by activation of a central GPCR [the
nociceptin/orphanin FQ (N/OFQ) peptide receptor] were
completely abolished in rats that had been pre-treated (48 h)
centrally with Pertussis toxin (PTX). These findings highlight
the novel functionally selective central Ga-subunit protein-
mediated control of cardiovascular versus renal excretory
function in vivo (Wainford et al., 2008). However, as PTX,
which was used in these studies, is an exotoxin that catalyses
the ADP ribosylation of all Gai/o subunit proteins, the specific
Gai(1–3) or Gao subunit(s) involved in mediating central
GPCR-evoked cardiovascular depressor responses were not
elucidated. At present, it remains unknown as to which spe-
cific Gai/o-protein subtype(s) is involved in producing the
bradycardic and hypotensive responses to the activation of

central GPCRs involved in the regulation of systemic cardio-
vascular haemodynamics (e.g. a2-adrenoceptors) in vivo.

Therefore, the aim of this study was to investigate the
role(s) that individual brain Gai(1–3), Gao and Gas subunit
proteins play in the systemic cardiovascular depressor versus
renal excretory responses to central a2-adrenoceptor activa-
tion in conscious Sprague-Dawley rats. Groups of rats were
pre-treated (24 h) by intracerebroventricular (i.c.v.) injection
with an oligodeoxynucleotide (ODN) sequence targeted to
Gai1, Gai2, Gai3, Gao, Gas or a scrambled (SCR) ODN sequence
to acutely and selectively down-regulate the respective target
protein throughout the CNS (Wainford et al., 2008; Wainford
and Kapusta, 2010). Post-ODN treatment (24 h), we exam-
ined the cardiovascular and renal excretory responses evoked
by central a2-adrenoceptor activation in response to i.c.v.
guanabenz in conscious instrumented rats. The findings of
these studies provide new insight into the intracellular
mechanism of action of brain a2-adrenoceptors in vivo and
demonstrate that brain Gai2 and Gas subunit protein-gated
signalling pathways have critical functionally selective roles
in producing the hypotensive and natriuretic, but not brady-
cardic or diuretic, responses elicited by activation of central
a2-adrenoceptors in vivo.

Methods

Animals
All animal care and experimental procedures were in accor-
dance with National Institutes of Health and Louisiana State
University Health Sciences Center Institutional Animal Care
and Use Committee guidelines for the Care and Use of
Animals. Male Sprague-Dawley rats (Harlan, Indianapolis, IN,
USA), 275–300 g, were housed individually under a 12 h
light/dark cycle. Rats were fed standard rodent diet and
allowed tap water ad libitum and were randomly assigned to
experimental treatment groups.

Measurement of MAP, HR and renal
excretory function
A stainless steel cannula was stereotaxically implanted into
the right lateral cerebral ventricle of rats anaesthetized with
ketamine (40 mg/kg,, i.m.) in combination with xylazine (5
mg/kg, i.m.) 5–7 days before experimentation as previously
described (Wainford et al., 2008; Wainford and Kapusta,
2009; 2010). On the day of study, rats were anaesthetized
with sodium methohexital (75 mg/kg i.p. and supplemented
with 10 mg/kg given i.v., as needed) and instrumented with
catheters in the left femoral artery, left femoral vein and
bladder as described previously (Wainford et al., 2008; Wain-
ford and Kapusta, 2009; 2010). Following surgical prepara-
tion, rats were placed in a rat holder and an i.v. infusion of
isotonic saline (55 mL·min-1) was started and continued for
the duration of the experiment. The experimental protocol
commenced after the animal regained full consciousness and
systemic cardiovascular (HR and MAP) and renal excretory
functions (urine output and UNaV) stabilized (4–6 h). MAP
and HR were continuously recorded from the arterial
cannula, which was connected to an external pressure trans-
ducer (P23XL; Viggo Spectramed, Oxnard, CA, USA); the
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cardiovascular data were collected using computer-driven
BIOPAC data acquisition software (MP100 and AcqKnowl-
edge 3.8.2, BIOPAC Systems, Inc., Goleta, CA, USA). Urine
was collected during a 20 min control period. Following this,
guanabenz (50 mg in 5 mL) (Huang and Leenen, 1994; 1998)
or saline vehicle (5 mL) was injected i.c.v. (n = 6 per group),
urine was collected during consecutive 10 min experimental
periods for 150 min. Urine volume was determined gravi-
metrically. Urine sodium concentration was measured by
flame photometry (model 943; Instrumentation Laboratories,
Lexington, MA, USA) and expressed as UNaV.

Ga-subunit protein ODN
down-regulation studies
Rats (n = 6 per group) were pre-treated with a single i.c.v.
injection of either a Gai1 ODN (25 mg in 5 mL, 24 h; 5′-AGAC
CACTGCTTTGTA-3′), Gai2 ODN (25 mg per 5 mL, 24 h; 5′-CTT
GTCGATCATCTTAGA-3′), Gai3 ODN (25 mg per 5 mL, 24 h; 5′-
AAGTTGCGGTCGATCAT-3′), Gao ODN (25 mg per 5 mL, 24 h;
5′-CGCCTTGCTCCGCTC-3′), Gas ODN (25 mg per 5 mL, 24 h;
5′-TTGTTGGCCTCAGCGTG-3′) or a SCR ODN (25 mg per 5 mL,
24 h; 5′-GGGGGAAGTAGGTCTTGG-3′) (Rossi et al., 1995;
Standifer et al., 1996; Hadjimarkou et al., 2002). Following a
National Center for Biotechnology Information Basic Local
Alignment Search Tool (BLAST) search of the Rattus norvegicus
RefSeq protein database it was confirmed that (i) there was no
similarity between the SCR ODN sequence and any rat protein
gene sequence and (ii) that the targeted Ga-subunit ODN
sequences administered in these studies were specific for their
respective Ga-subunit protein sequences. On the day of the
experiment, 24 h after i.c.v. ODN pre-treatment injections, all
animals were instrumented for measurement of cardiovascular
and renal parameters and subsequently, during the experi-
mental protocol, received a single i.c.v. injection of guanabenz
(50 mg in 5 mL) or isotonic saline vehicle (5 mL) (Huang and
Leenen, 1994; 1998). In a subset of studies, animals received an
i.c.v. injection of the a2-adrenoceptor antagonist yohimbine
(5.9 mg; 15 nmol) (Kapusta et al., 2002) 10 min before the
injection of guanabenz.

G-protein immunoblotting
Twenty-four hours following a single i.c.v. administration of
saline vehicle (5 mL) or an ODN sequence (25 mg in 5 mL) and
completion of the acute cardiovascular and renal protocol
described above, animals were then killed by decapitation;
whole brains were removed and frozen at -80°C (n =
6/group). Frontal brain cortex (BC), hypothalamic paraven-
tricular nucleus (PVN) and ventrolateral medulla (VLM)
samples were extracted from frozen brains cut on a cryostat
using a brain punch tool (Stoelting, IL, USA). BC and PVN
samples were taken using a punch diameter of 1.00 mm, VLM
samples were taken using a punch diameter of 0.76 mm and
were stored at -80°C. The location of the PVN and VLM was
determined using visual landmarks (Paxinos and Watson,
1998; Wainford and Kapusta, 2009; 2010), and by identifica-
tion of neuron populations in sections examined under a
light microscope. Tissue lysates were prepared from frozen
brain tissues, and protein levels were quantified. Lysates were
resolved on SDS-PAGE gels and transferred to nitrocellulose
membrane (GE Healthcare, Piscataway, NJ, USA). Gai(1–3), Gao

and Gas levels were determined using antibodies purchased
from Santa Cruz Biotechnologies (Santa Cruz, CA, USA),
directed against Gai1 (1:100, sc-391) (Olianas et al., 2007),
Gai2 (1:200, sc-13534), Gai3 (1:1000, sc-262) (Bensimon
et al., 2004), Gao (1:200, sc-382) and Gas (1:1000, sc-823)
(Miggin et al., 2003); protein levels were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (anti-
GAPDH 1:1000, ab-9483, Abcam, MA, USA) (Wainford et al.,
2008; Wainford and Kapusta, 2009; 2010). Chemilumines-
cent immunoreactive bands were detected by horseradish
peroxidase-conjugated secondary antibody; data were imaged
and quantified using Bio-Rad Quantity One image analysis
software (Bio-Rad Laboratories, Hercules, CA, USA).

Statistical analysis
All data are expressed as mean � SEM. The magnitude of the
changes in cardiovascular and renal excretory parameters at
different time points after i.c.v. injection of guanabenz were
compared with respective group control values by a one-way
repeated measures ANOVA with subsequent Dunnett’s test.
Differences occurring between treatment groups (e.g. i.c.v.
SCR ODN vs. Gai2 ODN) were assessed by a two-way repeated
measure ANOVA with pre-treatment group (e.g. saline vehicle)
being one fixed effect and time the other, with the interaction
included. The time (minutes) was then the repeated factor.
Post hoc analysis was performed using Bonferroni’s test.
Where appropriate, a Student’s t-test was also used to
compare means between two groups. In each case, statistical
significance was defined as P < 0.05.

Materials
Guanabenz and yohimbine were supplied by Sigma Aldrich,
St. Louis, MO; ketamine by Vedco Inc., St. Joseph, MO; xyla-
zine by Butler, Columbus, OH; methohexital by JHP Pharma-
ceuticals, LLC, Rochester, MI.

Results

SCR ODN pre-treatment does not alter the
cardiorenal responses to i.c.v. guanabenz
In conscious Sprague-Dawley rats pre-treated with isotonic
saline vehicle (5 mL, 24-h), i.c.v. guanabenz (50 mg) produced
characteristic concurrent reductions in HR and MAP followed
by a delayed onset increase in urine flow rate and UNaV
(Figure 1). Peak bradycardia and hypotension were observed
20 min and 30 min following i.c.v. guanabenz administration
respectively. HR and MAP remained significantly depressed
for 40 min, returning to baseline control levels by 60 min
after guanabenz injection. The maximal diuretic response was
observed 80–90 min after guanabenz injection, with urine
flow rate returning to pre-drug control levels by the end of the
experimental period (150 min). No change in UNaV was
detected until 80 min after guanabenz administration; from
which time point thereafter, a significant natriuretic response
was observed for the duration of the experimental protocol.
Central administration of the a2-adrenoceptor antagonist
yohimbine (5.9 mg; 15 nmol) 10 min before the i.c.v. injection
of guanabenz (50 mg) completely blocked the cardiovascular
and renal excretory responses to i.c.v. guanabenz (Figure 1).
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Pre-treatment with SCR ODN (25 mg in 5 mL, i.c.v., for
24 h) did not alter baseline control cardiovascular or renal
excretory parameters (shown as C; Figure 1) or animal body
weight (SCR ODN, �+3 � 2 g). As illustrated (Figure 1; open
circles), SCR ODN pre-treatment did not alter either the dura-
tion or magnitude of the cardiovascular depressor or renal
excretory responses to the central administration of guana-
benz. Further, i.c.v. administration of isotonic saline (5 mL)
did not alter any cardiovascular or renal parameter under
investigation over the duration of the experimental protocol
in SCR ODN-pre-treated animals (Figure 1).

Selective central ODN-mediated
down-regulation of brain Ga-subunit
protein expression
Immunoblotting studies revealed regional differences in the
endogenous expression of Ga-subunits within the brain of

male Sprague-Dawley rats. Gao protein was expressed at
equivalent levels in the BC and PVN, with lower levels
detected in the VLM (Figure 2A). The expression of Gai1

protein was greatest in BC with lower but comparable levels
present in PVN and VLM tissue. Gai3 protein was present at a
low level in all three brain regions examined. BC tissue had
low expression levels of both Gai2 and Gas subunit proteins;
in contrast both the PVN and VLM exhibited high expression
levels of these subunit proteins. SCR ODN pre-treatment did
not alter brain Ga-subunit protein expression levels in any
tissue examined (Figure 2A and B).

As observed for SCR ODN pre-treatment, i.c.v. Gai1, Gai2,
Gai3, Gao, or Gas ODN pre-treatment (each 25 mg in 5 mL for
24 h) did not significantly alter animal body weight (Gai1

ODN, � -3 � 1 g; Gai2 ODN, � +4 � 3 g, Gai3 ODN, � -3 �

2 g, Gao ODN, � -5 � 3 g, Gas ODN, �+ 2 � 1 g) or baseline
control levels for cardiovascular and renal excretory function
(corresponding group values denoted ‘C’ in Figures 5 and 6,
data not shown). Following 24 h central ODN pre-treatment,
Gai1, Gai2, Gai3, Gao and Gas ODN sequences reduced respec-
tive target Ga protein expression levels in the BC, PVN and
VLM (Figure 2A and B). Ga subunit protein levels were
reduced significantly, compared with both naïve animals and
animals pre-treated i.c.v. with a non-specific control SCR
ODN sequence, by Ga-subunit protein targeted ODN’s in a
sequence specific manner. ODN-mediated protein down-
regulation resulted in at least 70% reduction in the respective
target protein in the BC compared with naïve rats or SCR
ODN-pre-treated animals. Down-regulation of target proteins
was greater in PVN and VLM tissue with a reduction in
protein expression of at least 80 and 85% in PVN and VLM
tissue respectively. These findings demonstrate successful
ODN dispersal throughout the brain and efficacy in reducing
the target protein following a single i.c.v. injection at a dose
of 25 mg following a pre-treatment time period of 24 h.

Additional immunoblotting studies were performed to
confirm the in vivo selectivity of Ga-subunit targeted ODN
sequences (Figure 3A and B). In these studies, brain tissue
samples from all ODN-treated groups for which physiologi-
cal data are presented in Figures 4–6 were examined for the
expression of all non-targeted Ga-subunit proteins under
investigation (i.e. Gai1, Gai2, Gai3 and Gao expression in a
Gas ODN-pre-treated group). As illustrated (Figure 3A and B),
the central pre-treatment (25 mg, 24 h) of male Sprague-
Dawley rats with a targeted Ga-subunit ODN sequence
resulted in highly significant and selective target protein
down-regulation.

Functionally selective effects of central
Ga-subunit proteins in the cardiovascular
depressor responses to central guanabenz
Following i.c.v. guanabenz injection, the peak changes in HR
and MAP were typically observed 20 min and 30 min post
injection, respectively, and were completely blocked by i.c.v.
pre-treatment with the a2-adrenoceptor antagonist yohim-
bine (Figure 1, time course responses; Figure 4A and B, peak
magnitudes). Pre-treatment of animals with a SCR ODN
sequence did not alter the magnitude or timing of peak
guanabenz-induced bradycardia or hypotension (Figure 4A
and B). I.c.v. pre-treatment of rats with an ODN selective for
Gao was the only ODN pre-treatment that significantly

Figure 1
Effect of i.c.v. SCR ODN pre-treatment (pt) on the cardiovascular and
renal excretory responses to central guanabenz administration in
conscious male Sprague-Dawley rats. The values are means � SEM
and illustrate the cardiovascular and renal effects of i.c.v. guanabenz
(50 mg) in six conscious rats per group that were pre-treated for 24 h
with i.c.v. SCR ODN (25 mg in 5 mL) or isotonic saline vehicle (5 mL)
or received an i.c.v. pre-treatment of the a2-adrenoceptor antagonist
yohimbine (15 nmol) 10 min prior to the administration of i.c.v.
guanabenz. V, urine flow rate. *P < 0.05, compared with respective
group control value (designated C); one-way repeated measures
ANOVA.
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reduced the magnitude of the central guanabenz-evoked
bradycardia. I.c.v. pre-treatment with Gai3 and Gas ODN
sequences resulted in an observable, but non-statistically sig-
nificant, reduction (approximately 30%) in the magnitude of
the bradycardic response (Figures 4A and 6). In contrast,
central Gai1 and Gai2 ODN pre-treatments had no effect on
guanabenz-evoked bradycardia.

I.c.v. pre-treatment with a Gai1, Gai3 or a Gao ODN did
not alter the peak hypotensive response to the central admin-
istration of guanabenz (Figure 4B). Further, although not
shown, these ODN sequences did not alter the time course of
the hypotensive response observed following central guana-
benz administration, (illustrated in Figure 1) in saline and
vehicle pre-treated animals. In contrast to these findings,
central Gai2 ODN pre-treatment completely abolished the
hypotensive response to i.c.v. guanabenz. However, as dem-
onstrated in Figures 4A and 5 (time course studies), central
down-regulation of Gai2 subunit proteins failed to prevent
central guanabenz-evoked bradycardia. In contrast, in central
Gas ODN-pre-treated rats (Figures 4A and 6), i.c.v. guanabenz
produced an immediate increase in MAP resulting in a sig-
nificant hypertensive response. This was the opposite
response to the characteristic hypotension produced by i.c.v.
injection of guanabenz. As shown in Figure 6 (time course
studies), the pressor response to i.c.v. guanabenz in Gas pre-
treated rats was of short duration with MAP returning to
control levels by 20 min after agonist administration.

Functionally selective effects of central
Ga-subunit proteins in the diuretic and
natriuretic responses to central guanabenz
In both saline vehicle and SCR ODN-pre-treated groups, i.c.v.
guanabenz produced a profound, but with delayed onset,
diuresis, which in both groups featured an identical peak
increase in urine output, was of a comparable magnitude and
time course between the two experimental groups (Table 1
and Figure 1). Central pre-treatment with a Gai1, Gai2, Gai3,
Gao, or a Gas ODN did not alter the diuretic response to i.c.v.
guanabenz. There were no significant differences observed
between these experimental groups in cumulative urine
output, peak change in urine output or, as illustrated for Gai2

and Gas pre-treatments (data from other groups not shown),
the duration of the diuretic response (Table 1, Figures 5
and 6).

Following central saline vehicle or SCR ODN pre-
treatment, i.c.v. guanabenz evoked a significant and
prolonged increase in UNaV (Figure 1, Table 1). Prior down-
regulation of central Gai1, Gai3 or Gao subunit proteins did
not alter the magnitude (Table 1) or time course (data not
shown) of the natriuretic response evoked by i.c.v. guana-
benz. The natriuretic response to central administration of
guanabenz was completely abolished in rats pre-treated with

Figure 2
(A) Effect of central targeted Ga-subunit ODN pre-treatment on
Ga-subunit protein levels normalized to GAPDH and expressed as
optical density units per mm2 (mean � SEM) in the BC, hypothalamic
PVN and VLM of male Sprague-Dawley rats pre-treated (24 h) with
i.c.v. either saline (5 mL) or a SCR (SCR), Gai1, Gai2, Gai3, Gao or Gas

ODN (25 mg in 5 mL each) (n = 6 per group), and (B) Representative
immunoblots illustrating GAPDH, Gai1, Gai2, Gai3, Gao and Gas

subunit protein levels in the BC, PVN and VLM from male Sprague-
Dawley rats pre-treated (24 h; i.c.v.) with either a selective
Ga-subunit protein-targeted ODN sequence or a SCR ODN
sequence (25 mg in 5 mL each). *P < 0.05, compared with i.c.v. SCR
ODN-pre-treated animal group value; unpaired Student’s t test.
�
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a Gai2 ODN (Table 1). Although the peak natriuretic response
to i.c.v. guanabenz was not altered in Gas ODN-pre-treated
rats (Table 1), the time course of the natriuresis was signifi-
cantly altered in this treatment group (Figure 6). More spe-
cifically, in Gas ODN-pre-treated rats the natriuresis produced
by i.c.v. guanabenz was observed immediately following drug

administration with the peak increase in UNaV observed at
30 min after drug administration (Figure 6). In this group,
UNaV returned to pre-drug control levels 50 min after gua-
nabenz injection and remained at basal levels for the remain-
der of the 150 min experimental protocol. As previously
noted, this pattern of natriuresis is in contrast to the renal

Figure 3
(A) Selectivity of central Gai1, Gai2, Gai3, Gao and Gas targeted ODN pre-treatment on Ga-subunit protein levels normalized to GAPDH and
expressed as optical density units per mm2 (mean � SEM) in the BC, hypothalamic PVN and VLM of male Sprague-Dawley rats pre-treated (24 h;
i.c.v.) with a SCR, Gai1, Gai2, Gai3, Gao or Gas ODN (25 mg in 5 mL each) (n = 6 per group) *P < 0.05, compared with i.c.v. SCR ODN-pre-treated
animal group value; one-way repeated measures ANOVA and (B) representative immunoblots illustrating GAPDH, Gai1, Gai2, Gai3, Gao and Gas

subunit protein levels in the PVN from male Sprague-Dawley rats pre-treated (24 h; i.c.v.) with a Gai2 or Gas ODN sequence.
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excretory response produced by central guanabenz in SCR
ODN-pre-treated rats, in which the natriuresis was delayed in
onset with a peak response at 120 min after agonist admin-
istration (Figures 1 and 6).

Discussion

Through the central administration of selective Ga-subunit
protein-targeted ODNs, we have demonstrated that brain
Gai2 and Gas subunit protein-gated signalling pathways are
critical for mediating the hypotensive and natriuretic, but
not bradycardic and diuretic, responses produced by the
central administration of the a2-adrenoceptor agonist guana-
benz in conscious rats. These observations provide compel-
ling in vivo support for the pharmacological paradigm of
functional selectivity (Patel et al., 2010). These findings also
establish that in vivo, the physiological responses produced
by the activation of a CNS GPCR, in this case, the
a2-adrenoceptor, is greatly influenced by the availability
and/or brain protein expression levels of individual down-

stream Ga-subunit proteins. Thus, following a single ligand–
receptor interaction, multiple downstream signalling
pathways are differentially activated to evoke multiple inte-
grated cardiovascular versus renal excretory responses.

In vivo, a2-adrenoceptor agonists inhibit sympathetic
outflow to many organs to facilitate the reported cardiovas-
cular depressor and renal excretory responses produced by
these GPCR ligands. Particularly well established is the rela-
tionship between the decrease in renal sympathetic nerve
activity and the natriuretic response observed following
central administration of different a2-adrenoceptor agonists
(Grisk and DiBona, 1998; Huang and Leenen, 1998). Our
observation that both the hypotensive and natriuretic
responses to i.c.v. guanabenz are abolished in animals pre-
treated centrally with Gai2 ODN is of high physiological
importance and highlights a key role for Gai2 protein path-
ways in regulating MAP and UNaV post CNS a2-adrenoceptor
activation. Further, this finding validates existing in vitro data

Figure 4
(A) Peak HR depressor response in bpm and (B) peak MAP depressor
response in mmHg produced by i.c.v. guanabenz (50 mg in 5 mL) in
conscious male Sprague-Dawley rats pre-treated i.c.v. with either
saline (24 h; 5 mL), yohimbine (10 min; 5.9 mg; 15 nmol) or a SCR,
Gai1, Gai2, Gai3, Gao or Gas ODN (24 h; 25 mg in 5 mL each) (n = 6
per group). The values are the mean � SEM. *P < 0.05, compared
with i.c.v. SCR ODN-pre-treated animal group value. **P < 0.01,
compared with i.c.v. SCR ODN-pre-treated animal group value; one-
way ANOVA. Note that these data were obtained in the same animals
for which protein expression data is presented in Figure 2.

Figure 5
Effect of i.c.v. Gai2 ODN pre-treatment on the cardiovascular and
renal excretory responses to central guanabenz administration in
conscious male Sprague-Dawley rats. The values are means � SEM
and illustrate the cardiovascular and renal effects of i.c.v. guanabenz
(50 mg) in six conscious rats per group that were pre-treated (24 h)
with i.c.v. SCR ODN (25 mg per 5 mL) or a Gai2 ODN (25 mg in 5 mL).
Data for SCR ODN pre-treatment (pt) are transposed from Figure 1
for comparison and clarity. Abbreviations as in Figure 1. *P < 0.05,
compared with respective group control value (designated C); one-
way repeated measures ANOVA. tP < 0.05, compared with SCR ODN
pt group value at respective time point; two-way repeated measures
ANOVA.
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(Remaury et al., 1993; Eason and Liggett, 1995) and confirms
a role of Gai2 -subunit proteins in mediating a2-adrenoceptor-
evoked responses. The selectivity of this response profile to
Gai2 and not Gai1, Gai3 or Gao-subunit proteins also suggests
that this response is not conserved across Gai/o subunit pro-
teins. This selective response profile compares favourably
with a previous in vivo study conducted in mice in which the
antinoceptive effects of three different a2-adrenoceptor ago-
nists administered i.c.v. were selectively mediated by Gai3

-subunit proteins (Raffa et al., 1996). Although not examined
in these studies, we speculate that prior down-regulation of
central Gai2 proteins in rats caused a failure of i.c.v. guana-
benz to inhibit renal sympathetic nerve activity, the action of
which is likely to be responsible for preventing the natriuretic
response to this ligand. However, as shown by the concurrent
blockade of the hypotensive response to i.c.v. guanabenz, it
appears that down-regulation of central Gai2 proteins may

have also prevented the reduction in sympathetic nerve
traffic to additional vascular beds (e.g. splanchnic) involved
in the maintenance of systemic arterial MAP. In contrast,
these data suggest that suppression of central sympathetic
outflow to the heart is not impaired as shown by the classical
bradycardic response that was still produced by i.c.v. gaun-
abenz in Gai2-ODN-treated animals. In these studies, the
bradycardia to i.c.v. guanabenz was significantly attenuated
by Gao subunit protein down-regulation, data that suggest a
predominant role of Gao-subunits in the guanabenz-evoked
signalling pathways that mediate bradycardia. Taken in con-
junction with our previous finding that the bradycardia
evoked by i.c.v. administration of the opioid-like neuropep-
tide N/OFQ was abolished by pre-treatment with PTX (Wain-
ford et al., 2008), which inhibits the activity of all Gai/o

subunit proteins, these data suggest that there is potential
functional redundancy across Ga-subunit protein-gated path-
ways to elicit bradycardia following guanabenz administra-
tion. Alternatively, guanabenz evoked bradycardia may be
mediated via a mechanism independent of GPCR Ga-subunit
signalling (e.g. bg or b-arrestin).

As discussed above, selective down-regulation of brain
Gai2 proteins completely prevented the hypotensive response
to central a2-adrenoceptor stimulation in conscious rats. In
the present investigation, we also observed the highly unex-
pected finding that the selective ODN-mediated down-
regulation of brain Gas-subunit proteins converted the
classical hypotensive response to central a2-adrenoceptor
activation into an immediate and profound hypertensive
response. With regards to the immediate natriuresis observed
in Gas ODN-pre-treated animals, we believe that this physi-
ological response was a result of the rapid elevation in MAP
(i.e. a pressure natriuresis), which occurred immediately fol-
lowing i.c.v. guanabenz. Collectively, these findings provide
strong in vivo evidence that Ga-subunit protein availability
can significantly modulate the physiologically important car-
diovascular and renal excretory responses to ligand binding,
as has been predicted by in vitro studies and by mathematical
modelling (Nasman et al., 2001; Hein, 2006).

In the present studies the cellular mechanism(s) by which
prior down-regulation of brain Gai2 or Gas proteins altered
the MAP responses to central guanabenz was not determined.
However, in vitro experiments have demonstrated that the
predominant cellular action of a2-adrenoceptors, which is
mediated principally via Gai2-subunit protein signal trans-
duction, is the inhibition of adenylate cyclase activity
(Remaury et al., 1993; Nasman et al., 2001; Hein, 2006).
Therefore, we hypothesize that following stimulation of brain
a2-adrenoceptors, activation of a downstream Gai2-subunit
protein-gated pathway triggers the suppression of central
sympathetic outflow by a signalling pathway involving, at
least in part, inhibition of adenylate cyclase activity. Based on
this premise, down-regulation of Gai2 proteins in the brain
may abolish the central sympathoinhibitory and thus the
hypotensive and natriuretic responses to central guanabenz
by preventing the a2-adrenoceptor-coupled inhibition of
cAMP. A functional coupling to Gas has also been reported for
a2-adrenoceptors, which is apparent at high agonist concen-
tration or after inhibition of Gai (Eason and Liggett, 1995;
Wade et al., 1999). While this sequence of events is possible
and has been suggested to participate in mediating the phe-

Figure 6
Effect of i.c.v. Gas ODN pre-treatment on the cardiovascular and
renal excretory responses to central guanabenz administration in
conscious male Sprague-Dawley rats. The values are means � SEM
and illustrate the cardiovascular and renal effects of i.c.v. guanabenz
(50 mg) in six conscious rats per group that were pre-treated (24 h)
with i.c.v. SCR ODN (25 mg in 5 mL) or a Gas ODN (25 mg in 5 mL).
Data for SCR ODN pre-treatment (pt) are transposed from Figure 1
for comparison and clarity. Abbreviations as in Figure 1. *P < 0.05,
compared with respective group control value (designated C);one-
way repeated measures ANOVA. tP < 0.05, compared with SCR ODN
pt group value at respective time point; two-way repeated measures
ANOVA.
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nomenon of adenylate cyclase supersensitvitiy (Watts and
Neve, 2005), it remains to be explained why i.c.v. guanabenz
produced an immediate and profound hypertensive response
in rats that had undergone prior down-regulation of brain
Gas proteins. It is also possible that the observed functional
selectivity of Gai2 and Gas subunit proteins to mediate the
hypotensive and natriuretic effects evoked by activation of
brain a2-adrenoceptors reflects an alteration of the inhibition
of Ca2+ channels in sympathetic neurons. As has been dem-
onstrated in vitro, altered inhibition of Ca2+ channels in sym-
pathetic neurones, mediated by adrenoceptors, can occur via
PTX-sensitive (i.e. Gai/o pathways) and non-PTX-sensitive
(e.g. Gas) pathways, or via modulation of the composition of
the bg protein dimer associated with the a-subunit (Delmas
et al., 1999).

In contrast to our current findings is a recent report that
whole body deletions of the genes encoding the Gai(1–3)

subunit proteins in mice did not alter the cardiovascular
depressor effects (i.e. bradycardia and hypotension) evoked
by peripheral administration of the a2-adrenoceptor agonist
medetomidine (Albarran-Juarez et al., 2009). While the
reasons for these contrasting findings have yet to be deter-
mined, the divergence may be partially explained by differ-
ences in species of animals tested, the mode by which
removal/down-regulation of specific Ga-subunit proteins was
achieved [e.g. transgenic whole body deletions of target genes
vs. CNS delivery of targeted Ga-subunit ODNs), presence/
absence of anaesthesia and route of administration (i.v. bolus
vs. i.c.v. injection) of different a2-adrenoceptor agonists
(medetomidine vs. guanabenz].

Following i.c.v. injection and circulation throughout the
brain, it is likely that guanabenz activates Gai2 / Gas-subunit
protein-gated pathways located within several brain sites
involved in the regulation of cardiovascular and fluid/
electrolyte homeostasis. This may include, but is not limited
to, the PVN of the hypothalamus, the rostral VLM (RVLM)
and the nucleus reticularis gigantocellularis (NRGC) (Chen
and Chan, 1989; Menegaz et al., 2001). The neurons located
within these established renal and cardiovascular control

centres possess significant quantities of a2-adrenoceptors
(Tavares et al., 1996), which may potentially be coupled to
different Ga-subunit proteins as a mechanism to elicit differ-
ential physiological responses (i.e. functional selectivity).
However, the current studies did not determine the locus of
the reported Gai2 and Gas-subunit protein interactions
within the CNS that occur downstream of the a2-
adrenoceptor. Site-specific microinjection experiments (e.g.
into discrete brain sites), which are beyond the scope of the
current manuscript, will be conducted in subsequent experi-
ments to establish the CNS sites in which individual
Ga-subunit protein pathways act to produce the observed
responses to central a2-adrenoceptor stimulation. An addi-
tional issue not addressed by the current studies is the
subtype of a2-adrenoceptor (i.e. a2A, a2B or a2C) that is acti-
vated by i.c.v. guanabenz administration. The a2A receptor is
widely distributed throughout the CNS, particularly in key
cardiovascular control centres such as PVN, VLM and locus
coeruleus (Scheinin et al., 1994), and has an established role
in modulating neurotransmitter release (Lahdesmaki et al.,
2004). Therefore, it is likely this subtype may play a predomi-
nant role in the observed responses. However, due to the
expression of the a2B receptor in the thalamus and expres-
sion of the a2C-subtype, which can also modulate neu-
rotransmitter release, in many brain sites (Scheinin et al.,
1994), a role of these subtypes in the observed responses
cannot be excluded.

In contrast to effects on MAP and UNaV, the prior ODN-
mediated down-regulation of central Gai/o or Gas-subunit
proteins did not alter the diuretic responses to i.c.v. guana-
benz. This observation indicates that other signal transduc-
tion pathways are involved in mediating the effects of central
a2-adrenoceptors on the renal handling of water. Our labora-
tory has previously established that exogenous (Wainford
et al., 2008) or endogenous (Wainford and Kapusta, 2010)
activation of central GPCR pathways can influence urine
output via differentially altering the secretion of arginine
vasopressin (AVP) through a pathway involving downstream
central Gaz (inhibitory) and Gaq (stimulatory) subunit pro-

Table 1
Effects of pre-treatment (i.c.v.) with ODNs (for Gai1, Gai2, Gai3, Gao, Gas or SCR) on the diuretic and natriuretic responses to i.c.v. guanabenz in
conscious Sprague-Dawley rats

i.c.v. ODN pre-treatment
(24 h; 25 mg)

Cumulative urine output
(mL per 150 min)

Peak D urine output
(mL·min-1)

Peak D UNaV
(meq·min-1)

Saline vehicle 10 569 � 619 136 � 9 6.2 � 0.8

Scrambled (SCR) 9 998 � 496 132 � 11 5.9 � 0.6

Gai1 10 246 � 513 153 � 16 6.1 � 0.8

Gai2 9 933 � 361 125 � 11 0.6 � 0.3**

Gai3 10 960 � 691 143 � 16 6.2 � 0.9

Gao 10 171 � 514 127 � 10 6.2 � 0.5

Gas 10 654 � 461 150 � 13 5.8 � 0.6

The values are means � SEM and illustrate the diuretic (expressed as cumulative urine output in mL per 150 min and peak change in urine
output in mL·min-1) and natriuretic [expressed as peak change in urinary sodium excretion (UNaV) in meq·min-1] effects of i.c.v. guanabenz
(50 mg) in six conscious rats per group that were pre-treated (24 h) with an ODN (25 mg in 5 mL) or isotonic saline vehicle (5 mL). **P < 0.01,
compared with SCR ODN pre-treatment group value.
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teins. A significant component of the diuretic response elic-
ited by central a2-adrenoceptor stimulation is mediated by
the suppression of AVP secretion (Brooks et al., 1986; Cabral
et al., 1998). Thus, the pattern of diuresis produced by central
a2-adrenoceptors may also involve alterations in AVP secre-
tion mediated via Gaz/Gaq-subunit protein-gated pathways.

In conclusion, these studies significantly advance our
understanding of the functional selectivity of brain
Ga-subunit protein-gated pathways in the physiological
responses evoked by central a2-adrenoceptor activation.
Using a targeted ODN approach in vivo, we demonstrated that
the hypotensive and natriuretic responses to selective central
a2-adrenoceptor activation are abolished by Gai2 down-
regulation or converted to a pressor response by Gas down-
regulation. In contrast, the profound a2-agonist-stimulated
diuresis was unaltered by prior down-regulation of individual
brain Gai(1–3), Gas or Gao proteins. Collectively, these findings
demonstrate that central Ga-subunit protein-gated pathways
play a functionally selective role in producing differential
cardiovascular versus renal excretory responses post-ligand
binding at a2-adrenoceptors. In response to integrated physi-
ological stimuli, selective activation of individual central
Ga-subunit pathways may potentially play an important role
in governing the endogenous regulation of systemic cardio-
vascular function and fluid and electrolyte homeostasis.
Therefore, we suggest modulation of either the expression
and/or activity of individual endogenous Ga-subunit pro-
teins represents a target area for the future development of
pharmacological therapies designed to alter systemic cardio-
vascular parameters (e.g. antihypertensive medications)
versus renal excretory function (water diuretics, natriuretic
compounds).
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