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Scientific Contributions
Ganglionic Action of Angiotensin Contributes to
Sympathetic Activity in Renin-Angiotensinogen
Transgenic Mice
Xiuying Ma, Curt D. Sigmund, Shawn D. Hingtgen, Xin Tian, Robin L. Davisson,
Francois M. Abboud, Mark W. Chapleau
Abstract—In addition to central nervous system actions, angiotensin (Ang) II may increase sympathetic nerve activity
(SNA) via a direct action on sympathetic ganglia. We hypothesized that sympathetic ganglionic actions of endogenous
Ang II contribute to SNA in transgenic mice that overexpress renin and angiotensinogen (R⫹A⫹ mice). Renal SNA and
arterial pressure were recorded in anesthetized R⫹A⫹ and littermate control mice before and after ganglionic blockade,
and after additional blockade of angiotensin type 1 (AT1) receptors with losartan. Ganglionic blockade essentially
abolished SNA in control mice, but only reduced SNA to 47⫾18% of baseline in R⫹A⫹ mice. The residual SNA
remaining after ganglionic blockade in R⫹A⫹ mice was reduced from 47⫾18% to 8⫾6% of baseline by losartan
(P⬍0.05). The sympathoinhibitory response to losartan was accompanied by an enhanced decrease in arterial pressure
in R⫹A⫹ mice compared with that observed in control mice. AT1 receptor expression in sympathetic ganglia, as
measured by real-time reverse transcription–polymerase chain reaction, was increased ⬇3-fold in R⫹A⫹ versus control
mice. The results demonstrate that, as anticipated, essentially all of the renal postganglionic SNA in control mice is
driven by preganglionic input. The major new finding is that Ang II– evoked ganglionic activity accounts for ⬇40% of
total SNA in R⫹A⫹ mice. The significant contribution of the direct ganglionic action of Ang II in R⫹A⫹ mice likely
reflects both increased levels of Ang II and upregulation of AT1 receptors in sympathetic ganglia. (Hypertension. 2004;
43[part 2]:312-316.)
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A

contributes to a variety of experimental models of hypertension, including those given chronic infusions of Ang II.9 –11 In
the present study, we tested the hypothesis that direct activation of sympathetic ganglia by endogenous Ang II contributes
to SNA in transgenic mice expressing human renin and
human angiotensinogen (R⫹A⫹), an established model of Ang
II– dependent chronic hypertension.12,13

ngiotensin (Ang) II regulates arterial pressure and body
fluid balance through actions on multiple target tissues,
including blood vessels, kidney, adrenal gland, heart, and
brain.1 Central nervous system actions of Ang II that increase
sympathetic nerve activity (SNA) are well established.1–3
Ang II may also increase SNA by direct activation of neurons
in sympathetic ganglia.4 – 8 We demonstrated recently that
acute administration of Ang II in mice evokes an increase in
arterial pressure and a biphasic change in renal SNA.8 The
rise in pressure was accompanied by baroreflex-mediated
inhibition of baseline high-amplitude bursts of SNA followed
by generation of low-amplitude, continuous SNA.8 The Ang
II– generated low-amplitude SNA was still evident after
ganglionic blockade and was blocked by the angiotensin type
1 (AT1) receptor antagonist losartan, suggesting that it is
mediated by a direct action of Ang II on AT1 receptors in
sympathetic ganglia.8
We wished to explore the importance of this mechanism of
action of Ang II in hypertension because increased SNA

Methods
Double transgenic R⫹A⫹ mice were generated by cross-breeding
transgenic human renin (R⫹) and human angiotensinogen (A⫹) mice
as described previously.12,13 Genotypes of the R⫹A⫹ and littermate
control mice were determined by species-specific polymerase chain
reaction (PCR) of DNA isolated from tail biopsies performed in the
University of Iowa Transgenic Animal Facility.12,13 We showed
previously that arterial pressure measured in the conscious state is
elevated in R⫹A⫹ mice and is normal in the single-transgenic mice
(R⫹A⫺, R⫺A⫹) owing to the species-specificity of the reaction
between renin and angiotensinogen.12,13 Therefore, R⫺A⫺, R⫹A⫺,
and R⫺A⫹ mice were used as controls in the present study. Trans-
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genic mice were backcrossed to C57BL/6J mice for at least 7
generations to ensure a similar genetic background in the mice. Mice
were studied at 3 to 15 months of age (22 to 30 g). All experiments
were conducted in accordance with the American Physiological
Society’s Guiding Principles for Research Involving Animals and
Human Beings and were approved by the University of Iowa Animal
Care and Use Committee.

Arterial Pressure and Renal SNA
Control mice (n⫽7) and R⫹A⫹ mice (n⫽5) were anesthetized with
sodium pentobarbital (60 g/g, IP), and supplemental doses of
anesthetic were administered as needed. The mice breathed spontaneously through a cannula (PE-90) inserted through a tracheotomy.
The left femoral artery and both femoral veins were cannulated with
stretched Micro-Renathane tubing (MRE-040) for measurement of
arterial pressure and administration of drugs, respectively. Body
temperature was maintained by using a heating pad.
The left renal sympathetic nerve was isolated from the surrounding connective tissue via a left flank incision, placed on a bipolar
platinum electrode (0.12-mm diameter), and crushed peripherally to
eliminate afferent nerve traffic. The nerve and electrodes were
secured with Wacker Silicone-Gel (Wacker Silicone). The renal
SNA (ENG) was filtered (300 Hz to 3 kHz), amplified (Grass, model
HIP511J), and quantified by counting the frequency of spikes that
exceeded a voltage threshold level set just above the electrical noise
by using a nerve traffic analyzer (University of Iowa, model
706C).8,14 The ENG, spike counter output, and arterial pressure
signals were processed through a MacIntosh computer (PowerLab).
Nerve activity was expressed as a percentage of the control baseline
activity in each experiment.
The mice were allowed ⬇30 minutes to recover from the surgical
procedure before beginning the protocol. Arterial pressure and SNA
were recorded before and after blockade of ganglionic transmission
achieved by intravenous administration of either hexamethonium (30
g/g) or chlorisondamine (12 g/g). After ganglionic blockade, the
AT1 receptor–mediated influence of endogenous Ang II on arterial
pressure and SNA was assessed by blockade of AT1 receptors with
losartan (10 g/g, IV). After completing the protocol, the mice were
killed by an overdose of sodium pentobarbital injected intravenously.
Continued recording of the renal ENG confirmed that the electrical
noise was below the window discriminator threshold and therefore
did not contribute to the recorded activity during the experiment.

AT1 Receptor Expression

Mice were anesthetized with sodium pentobarbital (60 g/g, IP), and
the surgical sites were shaved and sterilized with iodine, alcohol, and
RNase Away solution. The surgical instruments were wiped with
RNase Away and washed with solutions treated with DEPC. Sympathetic ganglia (aortic-renal, celiac, and a portion of the sympathetic
chain) and hearts were harvested from control and R⫹A⫹ mice, and
frozen in dry ice. All tissues were stored at ⫺85°C. Sympathetic
ganglia were pooled from 5 control mice and 5 R⫹A⫹ mice. Hearts
were obtained from 1 control mouse and 2 R⫹A⫹ mice.
Total mRNA was extracted in TRIZOL reagent. After a 5-minute
incubation in TRIZOL, 200 L of chloroform was added to the
sample for 2 minutes, followed by phase separation through a
12 000g spin at 4°C for 15 minutes. The aqueous phase, containing
the RNA, was extracted into a fresh tube, in which 500 L isopropyl
alcohol was added to precipitate the RNA. The RNA was collected
through a 12 000g spin at 4°C for 10 minutes, rinsed with 70%
ethanol, and resuspended in 50 L of DEPC-treated water.
The reverse transcription (RT) reaction used 3 g RNA, 500 ng
Oligo-dT, 10 mmol/L deoxynucleotide triphosphate, 50 U Superscript II RT (Invitrogen), and buffer recommended by the manufacturer. The reaction was incubated at 42°C for 10 minutes, followed
by 49°C for 30 minutes, and 37°C for 20 minutes subsequent to the
addition of 1 L RNase. Primers were targeted to homologous
regions of the AT1 receptor RNA (Integrated DNA Technologies),
and satisfied the requirements specified by Primer Express (version
1.5) software (PE Biosystems): forward, 5⬘-CAG CAT CAT CTT

Figure 1. Responses of arterial pressure and renal SNA to ganglionic blockade and losartan in control mouse (R⫺A⫺). Blockade
of ganglionic transmission with chlorisondamine (12 g/g, IV)
abolished SNA.

TGT GGT GGG A-3⬘; reverse, 5⬘-CGA TCT TAC ATA GGT GAT
TGC CGA A-3⬘.
Real-time PCR was performed according to recommendations
provided by PE Biosystems. The procedure has been described
previously.15,16 Briefly, 100 ng cDNA was combined with 25 L
SYBR Green PCR Master Mix purchased from PE Biosystems. The
reaction mixture was placed into 1 well of a 96-well plate (PE
Biosystems), and the total reaction volume was brought to 50 L
with DEPC-treated water. PCR was performed at 50°C for 2 minutes
and 95°C for 10 minutes and was run for 40 cycles at 95°C for 15
seconds and 61°C for 1 minute in an ABI Prism 7700 Detection
System (PE Biosystems). The cycle threshold for PCR amplification
needed to detect fluorescence (Ct) was then determined for each
unknown cDNA sample. AT1 receptor mRNA levels in tissues were
quantified by comparison to a standard curve previously constructed
for each primer set, and message levels were normalized to 18S
levels in each experiment. AT1 receptor mRNA in tissues from R⫹A⫹
mice were expressed relative to mRNA in tissues from control mice.
The reported values of AT1 receptor mRNA are averages of 16
replicate measurements.

Data Analysis
Arterial pressure and renal SNA were averaged over 1-minute
periods under baseline conditions, 3 to 5 minutes after administration
of hexamethonium or chlorisondamine, and 3 to 5 minutes after
subsequent administration of losartan to the ganglion-blocked mice.
Results are presented as mean⫾SE. The effects of ganglionic
blockade and additional blockade of AT1 receptors on renal SNA and
mean arterial pressure were analyzed by 1-factor repeated-measures
ANOVA and the Newman-Keuls post hoc test. Responses were
compared in R⫹A⫹ versus control mice by using the unpaired t test.
Significant differences were defined at P⬍0.05.

Results
In control mice, ganglionic blockade abolished renal SNA
and significantly decreased mean arterial pressure from
96⫾3 mm Hg to 69⫾5 mm Hg (Figures 1 and 2). In contrast,
in R⫹A⫹ mice, ganglionic blockade with either hexamethonium or chlorisondamine only partially inhibited SNA, reducing it to 47⫾18% of baseline, and decreased arterial
pressure from 90⫾4 mm Hg to 77⫾7 mm Hg in R⫹A⫹ mice
(Figures 2 and 3). The magnitude of the decrease in arterial
pressure with ganglionic blockade was not significantly
different in R⫹A⫹ and control mice. The residual SNA in
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Figure 2. Effects of ganglionic blockade (GB)
and subsequent AT1 receptor blockade with
losartan on renal SNA (upper panels) and mean
arterial blood pressure (BP; lower panels) in
control (left, n⫽7) and R⫹A⫹ (right, n⫽5) mice.
*P⬍0.05, GB versus baseline; #P⬍0.05, GB⫹losartan versus GB; †P⬍0.05, R⫹A⫹ versus
control.

R⫹A⫹ mice present after ganglionic blockade was essentially
abolished by intravenous administration of the AT1 receptor
antagonist losartan (Figures 2 and 3), which also caused a
significantly greater decrease in arterial pressure in these
mice (⫺25⫾4 mm Hg) compared with control mice
(⫺13⫾2 mm Hg) (Figures 2 and 4).
AT1 receptor expression was 3.2-fold higher in sympathetic
ganglia from R⫹A⫹ mice compared with expression in ganglia from control mice. In contrast, AT1 receptor mRNA in
heart was 65% lower in R⫹A⫹ versus control mice.

in adrenal gland and renal proximal tubule cells.17–21 Furthermore, other factors such as aldosterone and increased arterial
pressure may increase AT1 receptor expression in chronic in
vivo models of Ang II– dependent hypertension.22,23 Ang II
binding sites in sympathetic ganglia are increased in spontaneously hypertensive rats and reduced after denervation of
preganglionic input to the ganglia,24 indicating that ganglionic expression of AT1 receptors may be dependent on
preganglionic sympathetic activity.

Discussion

The rationale for the present study originated from our recent
observation that intravenous injection of Ang II increases
renal SNA acutely in mice both before and after ganglionic
blockade.8 We set out to test whether endogenous Ang II can
produce chronic activation of sympathetic ganglia with potential pathophysiological implications. R⫹A⫹ mice exhibit
⬇3-fold elevations in plasma Ang II and chronic hypertension throughout their lifespan.12,13 The renin and angiotensinogen transgenes are appropriately expressed in tissues in
which the endogenous genes are normally expressed, including the brain.12,13 A particular advantage of the model is the
homogenous genetic background of the R⫹A⫹ mice and their
littermate controls. Thus, R⫹A⫹ mice provide a good model to
assess the effects of chronic increases in Ang II on SNA.
We have shown previously that both peripheral and brain
renin-angiotensin systems contribute to hypertension in conscious R⫹A⫹ mice.12,13 In addition, we observed that ganglionic blockade decreased arterial pressure by a similar amount
in conscious R⫹A⫹ and control mice.12 The potential contribution of residual SNA to arterial pressure after ganglionic
blockade was not assessed. The present finding that ganglionic blockade does not eliminate SNA in R⫹A⫹ mice leaves
open the possibility that postganglionic SNA may indeed
contribute to hypertension. The sympathoinhibitory response
to losartan in ganglion-blocked R⫹A⫹ mice was accompanied

There are 3 major new findings of the present study. First,
ganglionic blockade fails to completely inhibit renal SNA in
R⫹A⫹ mice. The amount of residual activity present after
ganglionic blockade is significant, averaging ⬇50% of the
total baseline SNA in these mice. This contrasts with the
complete inhibition of SNA after ganglionic blockade in
control mice. Second, the residual SNA remaining after
ganglionic blockade in R⫹A⫹ mice is nearly abolished by
blockade of AT1 receptors with losartan, indicating that the
activity is generated by activation of AT1 receptors in
sympathetic ganglion neurons. And third, AT1 receptor
mRNA expression is upregulated in sympathetic ganglia from
R⫹A⫹ mice compared with that observed in ganglia from
control mice. The latter finding suggests that the Ang II–
dependent SNA may reflect not only increased endogenous
Ang II in this R⫹A⫹ model,13 but also an upregulation of AT1
receptors in sympathetic ganglia.
In contrast to sympathetic ganglia, we observed decreased
expression of AT1 receptors in hearts from R⫹A⫹ mice.
Differential, tissue-specific regulation of expression of AT1
receptors by Ang II has been demonstrated previously. For
example, sustained increases in Ang II generally decrease
AT1 receptor expression and Ang II binding sites in blood
vessels and vascular smooth muscle, but increase expression

RⴙAⴙ Mice Model of Ang II–Dependent Hypertension
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sympathetic ganglia, increases postganglionic SNA5,8 and
triggers effector organ responses (eg, increases in heart rate
and catecholamine release) dependent on sympathetic neurotransmission.4 –7 In addition, direct application of Ang II to
isolated sympathetic neurons or ganglia causes membrane
depolarization,25–27 inhibition of K⫹ and Ca2⫹ currents,25,28
increases in cytosolic Ca2⫹ concentration,29 and action potential discharge.27 To our knowledge, the present results obtained in R⫹A⫹ mice provide the first evidence of direct
activation of sympathetic ganglia by endogenous Ang II.
Differences in the pattern of sympathetic nerve discharge
in R⫹A⫹ versus control mice provide additional evidence that
a ganglionic action of Ang II contributes to SNA in R⫹A⫹
mice. In control mice, bursts of SNA are separated by brief
periods in which activity is absent, reflecting the phasic
nature of central sympathetic drive (see Figure 1). In contrast,
in R⫹A⫹ mice, the bursts of SNA are superimposed on
continuous discharge; ie, SNA does not intermittently shut off
(see Figure 3). The continuous pattern of discharge persists
after ganglionic blockade and is inhibited by losartan (Figure
3). Therefore, it cannot be explained by electrical noise in the
neurogram. The low-amplitude, continuous discharge in
R⫹A⫹ mice strikingly resembles the SNA evoked by acute
administration of Ang II to normal C57BL/6 mice in our
previous study.8 We speculate that the continuous firing
pattern and its low amplitude may explain, in part, why it may
not have been noticed or reported in previous studies.

Perspectives
Figure 3. Arterial pressure and renal SNA responses to ganglionic blockade with either hexamethonium (30 g/g, IV; A) or
chlorisondamine (12 g/g, IV; B) and to losartan in two R⫹A⫹
mice. Ganglionic blockade failed to eliminate SNA. Subsequent
administration of losartan (10 g/g, IV) essentially abolished the
residual SNA in the ganglion-blocked R⫹A⫹ mice.

by a greater decrease in arterial pressure than was seen in
control mice (Figure 4), suggesting that the residual SNA
may have contributed to the maintenance of pressure in the
anesthetized mice. Of course, the contribution of vascular
AT1 receptors to the fall in pressure after losartan cannot be
excluded in these studies.

Evidence of Direct Ganglionic Actions of Ang II
The ability of Ang II to directly activate sympathetic ganglia
has been demonstrated previously. Injection of Ang II in
vivo, either intravenously or into the arterial supply of

Actions of Ang II at specific sites in the central nervous
system are well known to facilitate increases in SNA.1–3 The
results of the present study suggest that a substantial proportion of SNA may originate in sympathetic ganglia in pathological states associated with excessive activation of the
renin-angiotensin system. The presence of Ang II– dependent
SNA in ganglion-blocked R⫹A⫹ mice may reflect the elevated circulating levels of Ang II in this model13 and the high
expression of AT1 receptors in sympathetic ganglia that we
report here. The possibility also exists that an intrinsic
renin-angiotensin system in sympathetic ganglia may generate Ang II locally and activate sympathetic neurons in an
autocrine or paracrine manner. Electrical stimulation of
preganglionic sympathetic nerves has been shown to generate
Ang II and upregulate angiotensinogen mRNA in sympathetic ganglia,30 and AT1 receptors have been identified in
ganglia.24,31 Future studies are needed to identify the source

Figure 4. Decreases in renal SNA (‚SNA, left)
and mean arterial blood pressure (‚BP, right)
evoked by losartan in ganglion-blocked control
mice (empty bars, n⫽7) and R⫹A⫹ mice (solid
bars, n⫽5). The sympathoinhibitory response
to losartan in R⫹A⫹ mice was accompanied by
a significantly greater decrease in arterial pressure. * P⬍0.05, GB⫹losartan versus GB;
†P⬍0.05, R⫹A⫹ versus control.
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of endogenous Ang II acting on sympathetic ganglia and to
define the pathophysiological significance of this
phenomenon.
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