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Abstract

Regulator of G protein signaling 2 (RGS2-/-) deficient mice feature an increased resting blood
pressure and an excessive pressor response to stress. We measured renal sympathetic nerve activity
(RSNA) directly to test the hypothesis that RSNA is increased in RGS2—-/- mice, compared to
RGS2+/+ mice. Seventeen mice (RGS2-/-, n=9; RGS2+/+, n= 8) were anesthetized with
isoflurane. We cannulated the left jugular vein for drug administration. Renal sympathetic nerve
activity (RSNA) was recorded using bipolar electrodes. Arterial blood pressure (BP) from the
femoral artery, ECG (needle electrodes), and RSNA were recorded (sample rate 10 kHz)
simultaneously. RSNA was analysed offline using a modified wavelet de-noising technique and
the classical discriminator method. RSNA detected during phenylephrine bolus injections or after
the animals death was subtracted from baseline values. Mean arterial blood pressure,
norepinephrine plasma levels, the responsiveness to vasoactive drugs, and the sympathetic
baroreflex gain were similar in anesthetized RGS2+/+ and RGS2-/- animals. RSNA was lower in
RGS2-/- mice compared to wild-type controls (wavelet: spike rate in Hz: RGS2+/+ 25.5 £ 5.1;
RGS2-/-17.4 + 4.0; discriminator method: RGS2+/+ 41.4 £ 5.7, RGS2—-/- 22.0 + 4.3, p< 0.05).
Thus, the expected result proved not to be the case. Our data suggest a mismatch between
sympathetic nerve traffic and plasma norepinephrine concentrations. This observation may depend
on altered coupling between electrical nerve activity and norepinephrine release and/or a changed
norepinephrine uptake in RGS2-/- mice.
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1. Introduction

Many great transmembrane receptors belong to the superfamily of G protein coupled
receptors (GPCR) and about half of all medicines modulate GPCRs activity (Miura et al.,
2003). GPCRs in the central nervous system and in peripheral tissues have a critical role in
blood pressure regulation. In the central nervous system, various GPCRs modulate
sympathetic activity (Vizi, 2000). In the kidney, GPCRs regulate sodium excretion (DiBona,
2002). Vascular tone is also regulated by GPCRs (Heximer et al., 2003; Tang et al., 2003).
Therefore, mechanisms modulating G protein-mediated responses have an important bearing
on the cardiovascular system and could be also a target for therapeutic interventions. The
regulator of G protein signaling (RGS) 2 was first identified as belonging to the GTPase
activating proteins (GAPSs). The RGS proteins were subsequently shown to regulate G
protein-effector interactions (Obst et al., 2005; Abramow-Newerly et al., 2006). RGS2
preferentially alters Gg-mediated signaling (Heximer et al., 1997) by accelerating the
inactivation of G proteins (Riddle et al., 2006). Thus, RGS2 attenuates the responses to
angiotensin (Ang) Il type-1 and alpha-1 adrenoreceptor stimulation. RGS2-deficient
(RGS2-/-) mice feature an increased resting blood pressure and an excessive pressor
response to stress (Kehrl and Sinnarajah, 2002; Gross et al., 2005). Sympathetic activation is
implicated by the observation that urinary norepinephrine excretion rate and the depressor
response to alpha-1 adrenoceptor blockade were increased in these animals (Gross et al.,
2005). We measured renal sympathetic nerve activity (RSNA) directly to test the hypothesis
that RSNA is increased in RGS2-/- mice, compared to RGS2+/+ mice.

2. Methods

2.1. Animals

We studied 7 adult male RGS2-/- mice weighing 27 + 1 g and 8 male wild-type RGS2+/+
mice weighing 30 £ 1 g. In a subset of RGS2—-/- (n=4, 30 £ 1 g) and RGS2+/+ (n=4,

29+ 1 g), we measured plasma catecholamine concentrations. All animals were obtained
from Washington University School of Medicine, Department of Cell Biology and
Physiology, St. Louis, Missouri, USA. The genetic background of the mouse strain was
C57BI6. The animals were allowed free access to standard chow (0.25% sodium, SNIFF
Spezialitdten GmbH, Soest, Germany) and drinking water. The protocol was approved by the
local council on animal care in accordance with the guidelines of the American
Physiological Society.

2.2. Instrumentation

We anesthetized mice with isoflurane through a nose cone (CuraMed Pharma, Karlsruhe,
Germany). Body temperature was maintained within normal range using a heating table.
Mice ventilated spontaneously. We cannulated the right jugular vein and the right femoral
artery with polyethylene tubing for drug administration and for arterial blood pressure
measurements (M10-0501, Fohr Medical Instruments, See- heim, Germany), respectively.
The left kidney was exposed through a left flank incision and with blunt dissection
retroperitoneally. A branch of the renal nerve running parallel to the renal artery was
carefully isolated. A bipolar stainless steel wire electrode pair (wire 0.003 in. bare diameter
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and 0.0045 in. coated diameter, part number 316SS3T, MedWire Corp, NY, USA) was
hooked onto the nerve. When the signal quality was optimal, the electrodes were secured
with silicone adhesive gel (QuickSeal, World Precision Instruments, Sarasota, Florida,
USA). Therefore, nerve activity was recorded from the whole nerve in contrast to single
fiber recordings. The nerve signal was band pass filtered (100-3000 Hz) and amplified (gain
10000) by an isolated differential amplifier (ISO-80, World Precision Instruments, Sarasota,
Florida, USA). At the end of the experiment, animals were euthanized to record post mortal
signal to correct for background noise.

2.3. Data acquisition and analysis

Avrterial blood pressure (femoral artery), ECG (MVVU- 0607, Fohr Medical Instruments,
Seeheim, Germany) and RSNA were recorded using a computerized data-acquisition
system. Signals were recorded using a WINDAQ data acquisition system (D1410, DATAQ),
Acron, OH) with 14 Bit resolution at 10000 Hz sample frequency. Data were processed off-
line using customized software written in PV-Wave language (Visual Numerics Inc.,
Houston, TX, USA) and Matlab environment (The MathWorks, Inc., Natick, MA, USA).

We applied three different methods to determine renal sympathetic nerve activity. The area
under the curve was calculated as the integrated absolute values related to one second of the
nerve signal after subtracting the offset. As a second technique we used the classical
discriminator method. The frequency of spikes exceeding a preselected threshold voltage
just above noise level was counted per second. The third technique was a modified wavelet
denoising technique. Wavelet decomposition effectively filters the nerve signal into several
frequency sub-bands while preserving its temporal structure and seems suitable for
unsupervised de-noising and detection of single channel, multiunit data. In particular,
wavelet-based processing has been demonstrated to be effective in the detection of human
sympathetic action potentials (Diedrich et al., 2003), suggesting that wavelet detection
methods could be applied to the mouse sympathetic nerve activity as described in more
detail elsewhere (Brychta et al., 2007).

2.4. Experimental protocol

After surgery the mice were allowed 30-45 min for stabilization. Thereafter arterial pressure
and RSNA were recorded. The reliability of the nerve preparation was tested by incremental
intravenous bolus injections of phenylephrine hydrochloride (1.5, 3, and 6 pg/kg in 2-8 pl of
saline) and sodium nitroprusside (1.5, 3.5, and 7 pg/kg in 1-4 pl of glucose 5%). Injections
were separated by 5 min to reach stable baseline values before the next bolus. A
representative tracing is shown in Fig. 1. Only nerve recordings with the characteristic
baroreflex mediated reduction of RSNA in response to phenylephrine and with the
characteristic increase of RSNA in response to nitroprusside were included in the study.

2.5. Baroreflex control of RSNA

The baroreflex gain was calculated as the percentage of the maximum change in RSNA
(Aspike rate in %) divided by the maximum change in mean arterial blood pressure (AMAP
in mm Hg) during phenylephrine bolus injections.
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2.6. Plasma catecholamine level

Epinephrine and norepinephrine were extracted from plasma of isoflurane anaesthetized
mice in a microtiter plate and coated with boronate-affinity gel. The catecholamines were
acylated and released from the boronate-affinity gel. The solution of acylated epinephrine
and norepinephrine was then analysed by a conventional ELISA assay (Dr. K. Burling,
Mouse Biochemistry Laboratory, Dept. Clinical Biochemistry, Addenbrooke’s Hospital,
Cambridge, UK).

2.7. Statistics

Data are presented as means + SEM. Statistically significant differences between mean
group values were evaluated by the Mann—Whitney U-test. Pvalues b 0.05 were considered
statistically significant.

3. Results

3.1.

3.2.

3.3.

Blood pressure and catecholamines

The values are displayed in Fig. 2. Mean arterial blood pressure (Fig. 2, top) was 71 =4 mm
Hg in anaesthetized RGS2-/- and 76 = 3 mm Hg in RGS2+/+ mice, which is comparable to
MAP values in C57BI6 mouse strains during isoflurane anesthesia (Zuurbier et al., 2002).
Plasma norepinephrine (Fig. 2, middle) and epinephrine concentrations (Fig. 2, bottom)
were similar in anesthetized RGS2-/- and RGS2+/+ mice.

Basal sympathetic nerve activity

Fig. 3 shows the individual data of RSNA for RGS2- deficient mice compared to wild-type
mice as scatter plots. RSNA, calculated as the area under the curve by merely rectifying the
nerve signal, was 117 + 41 a.u./s in RGS2-/- and 202 + 32 a.u./s in RGS2+/+ mice (Fig. 3,
top, n.s.). RSNA, calculated as spike rate in Hz by use of the modified wavelet de-noising
technique (Fig. 3, middle) and by the classical discriminator method (Fig. 3, bottom), was
lower in RGS2-/- mice compared to wild-type mice (wavelet: spike rate in Hz; RGS2+/+=
25.5 +5.1; RGS2-/- = 17.4 + 4.0; discriminator method: RGS2+/+=41.4 £ 5.7, RGS2-/- =
22.0 £4.3, pb<0.05).

Responses to phenylephrine and nitroprusside

The sensitivities to phenylephrine and to nitroprusside are shown in Fig. 4. The responses to
phenylephrine (Fig. 4, top) were similar in RGS2+/+ mice compared to RGS2-/- mice, as
were those to nitroprusside (Fig. 4, bottom). The phenylephrine dose to increase mean
arterial blood pressure (MAP) 12.5 mm Hg was 3.6 ug/kg in RGS2+/+ mice and 4.5 pg/kg in
RGS2-/- mice (n.s.). The nitroprusside dose that decreased MAP 12.5 mm Hg was

1.3 pg/kg in RGS2+/+ mice and 1.7 pg/kg in RGS2-/- mice (n.s.).

3.4. Baroreflex control of RSNA

Maximum gain was 2.4 + 0.5%/mm Hg in RGS2+/+ mice and 2.1 + 0.3%/mm Hg in
RGS2-/- mice (n.s.).
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4. Discussion

We observed that, in anesthetized RGS2-/- and RGS2+/+ mice, mean arterial blood
pressure and circulating plasma catecholamines were not different, although RSNA was
reduced in RGS2-/- mice, compared to controls. In earlier studies, we found that in
conscious RGS2-/- mice, blood pressure is moderately increased, compared to RGS2+/+
mice and urinary catecholamines are increased in this strain. Furthermore, the difference in
blood pressure can be abrogated by alpha-1 agonist blockade. Thus, our current hypothesis
was that RSNA is increased in RGS2—/- mice, compared to RGS2+/+ mice. The expected
result proved not to be the case.

We believe that the unexpected reduction in RSNA in our RGS2-/- mice is an important
observation. Under the conditions of our study that was conducted under isoflurane
anesthesia, the blood pressure values between strains were no longer different and the
circulating catecholamines were similar. We interpret our result as indicating that with
isoflurane anesthesia, the blood pressures are no longer different because of baroreceptor
resetting in RGS2-/- mice leftward, compared to controls. The observation supports the
idea that RGS2—/- mice are more stress sensitive than control animals. In our earlier studies,
we measured catecholamines in urine in conscious RGS2—/- and RGS2+/+ mice. Urinary
norepinephrine measurements were increased in awake RGS2—-/— mice. In the present study
we measured plasma norepinephrine, which was similar in both strains. Nevertheless, the
present results could be explained by a reduction in the humoral levels of these compounds
by the same mechanism that reduced sympathetic outflow, namely an anesthesia induced
reduction in centrally generated sympathetic activity. Our earlier interpretation remains
basically unaltered. Sympathetic support of blood pressure is increased in RGS2-/- mice
compared to RGS2+/+ mice. In this study, the isoflurane anesthesia unmasked a suppressive
potential that was not present in the conscious state.

Our data raise the speculation that RSNA and circulating catecholamines are disparate in
their behaviors and that RGS2 deficiency has unmasked that state-of-affairs. RGS2 may be
involved in the regulation of transmitter release and reuptake. RGS2 proteins may change
presynaptic G- protein signaling as well as ion channel function and thereby adjust the
amount of norepinephrine released per action potential (Abramow-Newerly et al., 2006). We
propose that in RGS2-/- mice, the amount of norepinephrine released per action potential
may be increased.

There is evidence for a possible mismatch between electrical sympathetic nerve activity,
catecholamine levels, and vasoconstriction (Jacob et al., 2000; Thompson et al., 1995).
Clinical examples are the inherited dopamine beta- hydroxylase deficiency (Thompson et al.,
1995) or pharmacological inhibition of the norepinephrine transporter (NET) (Schroeder et
al., 2002; Eisenhofer et al., 1995). With pharmacological NET inhibition, sympathetic nerve
traffic is profoundly reduced whereas norepinephrine concentrations are normal or even
increased. Thus, NET inhibition recapitulates the peculiar sympathetic abnormalities in
RGS2-/- mice. One potential limitation of our study was the comparison of absolute levels
of sympathetic nerve activity measured in arbitrary units per second or in spikes per second,
which depends on recording conditions, the number and size of the nerve fibers, and the

Auton Neurosci. Author manuscript; available in PMC 2019 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tank et al.

Page 6

proximity of the active fibers to the electrode (Ma et al., 2002). Hence, comparing separate
groups of animals may be influenced by those factors. However, we obtained the nerve
signals under the exact same circumstances and used three different methods of nerve signal
analysis after subtraction of the individual noise level. We admit that the anesthetic has
complicated our results. The technical problems we face are immense. We know that the
recovery time from abdominal surgery in terms of cardiovascular regulation exceeds 7 days
in mice (Gross et al., 2002). To maintain an RSNA electrode for such a period of time is
impossible. Similar studies in rats require 24 h recovery (Brockway et al., 1991). However,
the 25 g mouse cannot be compared to the 250 g rat. We are improving our technical
approaches; however, conscious mouse measurements of nerve activity are currently not
possible.

Even more important could be the simultaneous recording from different target organs,
which allows deeper insight into the differential regulation within the sympathetic nervous
system (Kamiya et al., 2005; Ramchandra et al., 2006).

Despite these issues, we believe that our observations in anesthetized animals might be
helpful. We found differences in sympathetic outflow in RGS2—/- compared to RGS2+/+
mice. We abide by the conclusion that the hypertension in conscious RGS2—/- mice is at
least in part mediated through alpha-adrenoreceptor stimulation. Under isoflurane
anesthesia, the remaining detectable signal is a diminished RSNA traffic in these mice. An
interaction of RGS2 with the release or reuptake of catecholamines and with the central and
peripheral sympathetic nervous system continues to be particularly important in this regard.
For example, the reduction in sympathetic nerve traffic in our study did not indicate
reduction in sympathetic contribution to blood pressure. RGS2 remains a putative blood
pressure-lowering target.
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Fig. 1.

45

Recordings of renal sympathetic nerve activity (RSNA) and mean arterial pressure (MAP)
during bolus injections of phenylephrine (6 pg/kg, upper panel) and nitroprusside (7 ug/kg,
lower panel) in an isoflurane- anesthetized RGS+/+ mouse. Note the baroreflex mediated

decrease of RSNA in response to the blood pressure increase during phenylephrine and the

increase of RSNA in response to the blood pressure decrease during nitroprusside.
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Fig. 2.

Mean arterial blood pressure values (MAP, upper panel), plasma norepinephrine values
(middle panel), and plasma epinephrine values for RGS-/- and RGS+/+ mice are shown. No
significant differences were found. Data are presented as mean SEM.
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Fig. 3.

Tr?e individual data of renal sympathetic nerve activity (RSNA) for RGS2-deficient (RGS-/
-) mice compared to wild-type mice (RGS+/+) determined by three different methods are
shown as scatter plots. Top- RSNA calculated as the area under the curve by merely
rectifying the nerve signal related to one second in arbitrary units (a.u./s). Middle-the
frequency of spikes in Hz calculated using the wavelet de-noising technique. Bottom-
classical discriminator method. The frequency of spikes exceeding a preselected threshold
voltage was counted per second. Bars represent the mean values. RSNA was lower in
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RGS2-/- mice compared with RGS2+/+ mice independent of the used method (*p < 0.05,
Mann-Whitney U-test).
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Fig. 4.
Changes of mean arterial blood pressure (AMAP) with incremental bolus injections of

phenylephrine (phe, 1.5, 3, 6 pug/kg, upper panel) and nitroprusside (ntp, 1.5, 3.5, 7 pg/kg,
lower panel) in RGS2-deficient mice (RGS2-/-) compared with RGS2+/+ mice. The
sensitivity to vasoactive drugs was similar in both strains.
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