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Figure S1. Localization of FITC alone and FITC-NP post-instillation in the rat lung.
A, Fluorescent micrographs of cross-sections from lung instillated with FITC alone
and FITC-labeled NP on day 3 post-instillation. Nuclei were counterstained with
propidium iodide (red). Scale bars: 200 pm and 20 pm.
B, Micrographs of cross-sections stained immunohistochemically against FITC from
lung instillated intratracheally with FITC-NP on days 14 post-instillation.
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Figure S2. Effects of oral treatment of pitavastatin on right ventricular (RV)
systolic pressure 3 weeks after MCT injection. Data are mean &= SEM (n =6

each).
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Figure S3 Effect of pitavastatin-NP on NF-kB activation of monocyte cell line
(RAW cells)

Effects of pitavastatin-NP on LPS-stimulated activation of NF—xB (ELISA-
based DNA binding assay against NF-kB p65 subunit: arbitrary unit). Data are
mean = SEM (n= 6 each).
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Figure S4. Effects of pitavastatin-NP versus pitavastatin on FBS-induced
proliferation of human PASMCs (cell count per well). Data are mean = SEM (n
= 6 each).
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Figure S5. Effects of pitavastatin-NP on mRNA levels of various
inflammatory and proliferative factors 21 days after MCT injection
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Figure S6. Effects of pitavastatin-NP on iNOS protein expression

A, Representative micrographs of lung tissues stained immunohistochemically for
iNOS.

B, Effects of pitavastatin-NP on infiltration of iNOS-positive cells 21 days after
MCT injection. Data are mean =SEM (n = 6 each).
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Medetomidine, an az2-Adrenergic Agonist, Activates Cardiac
Vagal Nerve Through Modulation of Baroreflex Control
Shuji Shimizu, MD, PhD; Tsuyoshi Akiyama, MD, PhD; Toru Kawada, MD, PhD; Yusuke Sata, MD;

Masaki Mizuno, PhD; Atsunori Kamiya, MD, PhD; Toshiaki Shishido, MD, PhD;
Masashi Inagaki, MD; Mikiyasu Shirai, MD, PhD; Shunji Sano, MD, PhD;
Masaru Sugimachi, MD, PhD

Background: Although «z-adrenergic agonists have been reported to induce a vagal-dominant condition through
suppression of sympathetic nerve activity, there is little direct evidence that they directly increase cardiac vagal nerve
activity. Using a cardiac microdialysis technique, we investigated the effects of medetomidine, an «2-adrenergic ago-
nist, on norepinephrine (NE) and acetylcholine (ACh) release from cardiac nerve endings.

Methods and Results: A microdialysis probe was implanted into the right atrial wall near the sinoatrial node in
anesthetized rabbits and perfused with Ringer’s solution containing eserine. Dialysate NE and ACh concentrations
were measured using high-performance liquid chromatography. Both 10 and 100 pg/kg of intravenous medetomidine
significantly decreased mean blood pressure (BP) and the dialysate NE concentration, but only 100 pg/kg of medeto-
midine enhanced ACh release. Combined administration of medetomidine and phenylephrine maintained mean BP
at baseline level, and augmented the medetomidine-induced ACh release. When we varied the mean BP using intra-
venous administration of phenylephrine, treatment with medetomidine significantly steepened the slope of the regres-
sion line between mean BP and log ACh concentration.

Conclusions: Medetomidine increased ACh release from cardiac vagal nerve endings and augmented baroreflex

control of vagal nerve activity. (Circ J 2012; 76: 152—159)

Key Words: Acetylcholine; Norepinephrine; Sinoatrial node; Sympathetic nervous system; Vagus nerve

he selective a2-adrenergic agonist, dexmedetomidine,

is widely used for sedation in intensive care units

because it has a less respiratory depressive effect.! In
addition, several benefits of dexmedetomidine that favor its use
in intensive care have been reported, such as reduced opioid
dosage requirement. In animal studies, Hayashi et al reported
that dexmedetomidine prevented epinephrine-induced arrhyth-
mias in halothane-anesthetized dogs.> This antiarrhythmic
effect of «2-adrenergic agonists may be partly ascribed to vagal
activation.® It has already been reported that central sympa-
thetic inhibition by an a2-adrenergic agonist, guanfacine, aug-
mented the sleep-related ultradian rhythm of parasympathetic
tone in patients with chronic heart failure.* Although «2-adren-
ergic agonists are widely recognized as inducing a vagal-
dominant condition through the suppression of sympathetic
nerve, there is little direct evidence that they directly increase
cardiac vagal nerve activity, because such activity has been
assessed only by indirect methods, such as heart rate variabil-

ity, in most studies.?

Vanoli et al® reported that vagal stimulation after an acute
ischemic episode effectively prevented ventricular fibrillation
in dogs. Their group also indicated that the dogs that devel-
oped ventricular fibrillation during the acute ischemic epi-
sode had a significantly lower baroreflex-mediated heart rate
response,’ suggesting the importance of the baroreflex in con-
trolling vagal function. If an a2-adrenergic agonist is able to
activate the cardiac vagal nerve directly or via modulation of
the baroreflex function, it will provide a new therapeutic option
for life-threatening arrhythmias after myocardial ischemia.

Medetomidine is a racemic mixture of 2 stereoisomers,
dexmedetomidine and levomedetomidine. However, because
it has already been reported that levomedetomidine has no
effect on cardiovascular parameters and causes no apparent
sedation or analgesia,”® the pharmacokinetics of dexmedetomi-
dine and racemic medetomidine are almost similar. We hypoth-
esized that medetomidine can activate the cardiac vagal nerve
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through a central action and improve the baroreflex control of
vagal nerve activity. We have established a cardiac microdi-
alysis technique for separate monitoring of neuronal norepi-
nephrine (NE) and acetylcholine (ACh) release to the rabbit
sinoatrial (SA) node in vivo.-!! Using this microdialysis tech-
nique, we investigated the effects of medetomidine on cardiac
autonomic nerve activities innervating the SA node.

Methods

Surgical Preparation
Animal care was provided in accordance with the “Guiding
principles for the care and use of animals in the field of physi-
ological sciences” published by the Physiological Society of
Japan. All protocols were approved by the Animal Subject Com-
mittee of the National Cerebral and Cardiovascular Center.
In this study, 31 Japanese white rabbits weighing 2.3-3.0kg
were used. Anesthesia was initiated by an intravenous injection
of pentobarbital sodium (50mg/kg) via the marginal ear vein,
and then maintained at an appropriate level by continuous intra-
venous infusion of e-chloralose and urethane (16mg-kg-!-h-!
and 100mg-kg! -h-') through a catheter inserted into the fem-
oral vein. The animals were intubated and ventilated mechani-
cally with room air mixed with oxygen. Respiratory rate and
tidal volume were set at 30cycles/min and 15ml/kg, respec-
tively. Systemic arterial pressure was monitored by a catheter
inserted into the femoral artery. Esophageal temperature, which
was measured by a thermometer (CTM-303, Terumo, Japan),
was maintained between 38°C and 39°C using a heating pad.
With the animal in lateral position, a right lateral thoracot-
omy was performed and the right 3% to 5 ribs were partially
resected to expose the heart, After incising the pericardium, a
dialysis probe was implanted as described below. Three stain-
less steel electrodes were attached around the thoracotomy
incision for recording body surface electrocardiogram (ECG).
The heart rate was determined from the ECG using a cardio-
tachometer. Heparin sodium (1001U/kg) was administered
intravenously to prevent blood coagulation. At the end of the
experiment, the animal was killed humanely by injecting an
overdose of pentobarbital sodium. In the postmortem examina-
tion, the right atrial wall was resected en bloc with the dialysis
probe. The inside of the atrial wall was observed macroscopi-
cally to confirm that the dialysis membrane was not exposed
to the right atrial lumen.

Dialysis Technique

The materials and properties of the dialysis probe have been
described previously.”'* A dialysis fiber of semipermeable
membrane (length 4mm, outer diameter 310,.m, inner diam-
eter 200 zm, PAN-1200, molecular weight cutoff 50,000; Asahi
Chemical, Tokyo, Japan) was attached at both ends to polyeth-
ylene tubes (length 25 cm, outer diameter 500 zm, inner diam-
eter 200m). A fine guiding needle (length 30 mm, outer diam-
eter 510m, inner diameter 250 2m) with a stainless steel rod
(length 5mm, outer diameter 250 m) was used for the implan-
tation of the dialysis probe. A dialysis probe was implanted into
the right atrial myocardium near the junction of the superior
vena cava and the right atrium. After implantation, the dialysis
probe was perfused with Ringer’s solution (in mmol/L: NaCl
147, KCI 4, CaClz 3) containing a cholinesterase inhibitor
eserine (100 mol/L), at a speed of 2 «1/min using a microinjec-
tion pump (CMA/102, Carnegie Medicin, Sweden). Experi-
mental protocols were started 120 min after implantation of the
dialysis probe. The dead space between the dialysis membrane
and the sample tube was taken into account at the beginning of

each dialysate sampling. In protocols 1 and 2 as described
below, 81 of phosphate buffer (pH 3.5) was added to each
sample tube before dialysate sampling, and each dialysate
sampling period was set at 20min (1 sample volume=4041).
Half of the dialysate sample was used for ACh and the other
half for NE measurements. In protocol 3, 21 of phosphate
buffer was added to each sample tube before dialysate sam-
pling, and each dialysate sampling period was set at 5 min
(1 sample volume=10x1). In protocol 4, 4 i1 of phosphate buf-
fer was added to each sample tube before dialysate sampling,
and each dialysate sampling period was set at 10 min (1 sample
volume=20,1). Dialysate NE and ACh concentrations were
analyzed separately by high-performance liquid chromatogra-
phy as described previously.'>!

Experimental Protocols

Protocol 1 (n=7) Baseline dialysate was sampled before
the injection of medetomidine. Thereafter, a low dose (10.g/kg)
of medetomidine was injected intravenously via the femo-
ral vein. After allowing 20min for hemodynamic stabilization,
dialysate was sampled for 20 min (40 x1). When the hemo-
dynamics had recovered to the baseline level, a high dose
(100 2 g/kg) of medetomidine was injected intravenously and
another 20-min dialysate sample was collected after hemody-
namic stabilization. Finally, the vagal nerves were sectioned
bilaterally at the neck and a dialysate sample was collected
immediately after vagotomy. In 4 rabbits, an a2-adrenergic
antagonist, atipamezole (2.5mg/kg), was intravenously ad-
ministered before euthanasia and hemodynamic responses
were recorded.

Protocol 2 (n=7) To prevent possible interference of me-
detomidine-induced hypotension with vagal nerve activity,
intravenous infusion of an ai-adrenergic agonist, phenyleph-
rine, was started simultaneous to intravenous injection of me-
detomidine. Baseline dialysate sample was collected for 20 min
before medetomidine injection. Simultaneous to intravenous
injection of high-dose (100 zg/kg) medetomidine, intravenous
infusion of phenylephrine was started (6.6£1.2 zg kg™ - min-")
to maintain the mean blood pressure (BP) at baseline level.
After hemodynamic stabilization, dialysate was sampled for
20 min. Finally, dialysate was again sampled immediately after
bilateral cervical vagotomy.

Protocol 3 To investigate the effect of medetomidine on
baroreflex-induced vagal ACh release, we varied the mean BP
by changing the dose of intravenous phenylephrine in both the
control (n=5) and medetomidine-treated (n=7) groups. In the
control group, Ringer’s solution was infused intravenously at
1.0ml-kg!-h! throughout the experiment. In the medetomi-
dine-treated group, medetomidine was initially injected intra-
venously at a dose of 60xg/kg, and thereafter continuously
infused at a dose of 60 g kg™ -h-' orarate of 1.0ml-kg!-h-!.
After baseline dialysate sampling, mean BP was increased in
a stepwise manner by altering the dose of intravenous phenyl-
ephrine (maximal dose: 32.2+5.5 g -kg~! - min~! in the control
group and 18.622.1 - kg~ - min-! in the medetomidine-treated
group). Dialysate samples were collected for 5min at 4-7 dif-
ferent mean BP levels. Relations of log ACh concentrations
vs. mean BP were plotted and regression lines for each animal
were calculated.

Protocol 4 (n=5) We investigated the peripheral effects of
medetomidine on heart rate and dialysate ACh concentration
under electrical stimulation of the right cervical vagal nerve.
Bilateral vagal nerves were exposed through a midline cervi-
cal incision and sectioned at the neck. A pair of bipolar stain-
less steel electrodes was attached to the efferent side of the
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right vagal nerve. The nerve and electrode were covered with
warmed mineral oil for insulation. After the baseline dialysate
sampling, the right efferent vagal nerve was stimulated at the
frequency of 20Hz by a digital stimulator (SEN-7203, Nihon
Kohden, Japan). The pulse duration and amplitude of nerve
stimulation were set at 1 ms and 10V. Thereafter, a low dose
(10 2g/kg) of medetomidine was injected intravenously via the
femoral vein. After hemodynamic stabilization, dialysate was
sampled for 10min under the 20-Hz electrical stimulation of
vagal nerve. Finally, a high dose (100 g/kg) of medetomidine
was injected intravenously and another 10-min dialysate sam-
ple was collected under the 20-Hz electrical stimulation.

Statistical Analysis

All data are presented as mean+standard error. Heart rate and
mean BP were compared by 1-way repeated measures analysis
of variance (ANOVA) followed by a Tukey’s test.' Dialysate
NE and ACh concentrations were also compared by 1-way
repeated measures ANOVA followed by a Tukey'’s test. Com-
parisons of data between protocols 1 and 2 were conducted
using unpaired t-test (Student’s or Welch’s t-test). In protocol
3, the average slopes and intercepts of the regression lines
were compared using unpaired t-test. Differences were con-
sidered significant at P<0.05.

Results

Protocol 1
Intravenous injection of medetomidine significantly decreased
heart rate (Figure 1A) and mean BP (Figure 1B) in a dose-
dependent manner (280t10beats/min and 9244 mmHg, re-
spectively, at baseline; 251£10beats/min and 693 mmHg at
10 zg/kg; and 193+11 beats/min and 47+4 mmHg at 100 .g/kg,
P<0.01 for all comparisons). Vagotomy increased heart rate to
22247 beats/min but did not affect mean BP (Figures 1A,B).
Low-dose medetomidine significantly decreased dialy-

sate NE concentration (Figure 2A) from 0.7210.06 to 0.59+
0.04 nmol/L (P<0.01) but did not affect dialysate ACh concen-
tration (Figure 2B) compared with baseline. High-dose me-
detomidine also decreased dialysate NE concentration (to 0.52+
0.05nmol/L) similar to low-dose medetomidine (Figure 2A)
and significantly increased dialysate ACh concentration
from 7.241.3 nmol/L at baseline to 12.1£1.6 nmol/L. (P<0.01,
Figure 2B). Dialysate NE concentration was not changed by
vagotomy, whereas dialysate ACh concentration recovered to
the baseline level immediately after vagotomy (Figures 2A,B).
In 4 rabbits treated with atipamezole, heart rate and mean BP
recovered to the baseline levels immediately after the injection
(27618 beats/min and 88+6 mmHg, respectively, at baseline;
and 280%11 beats/min and 8316 mmHg after the injection).

Protocol 2

Intravenous injection of high-dose medetomidine combined
with phenylephrine decreased heart rate (Figure 3A) and the
decrease was significantly greater than that observed in proto-
col 1 (14049 vs. 193£11beats/min, P<0.01), while mean BP
was maintained at the same level as baseline (Figure 3B). Me-
detomidine combined with phenylephrine decreased dialy-
sate NE concentration from 0.85+0.09 at baseline to 0.68%
0.10nmol/L. (Figure 4A), and the decrease was not signifi-
cantly different from that of medetomidine alone (protocol 1).
However, medetomidine combined with phenylephrine in-
creased dialysate ACh concentration (Figure 4B) to a signifi-
cantly and markedly higher level than that observed in proto-
col 1 (26.8+5.4 vs. 12.1£1.6 nmol/L, P<0.05). Dialysate ACh
concentration recovered to the baseline level immediately af-
ter vagotomy.

Protocol 3

The change in mean BP by phenylephrine administration
affected dialysate ACh concentration only slightly in the con-
trol group (Figure 5A), whereas the elevation of mean BP
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Figure 2. Effects of intravenous administration of low and high doses of medetomidine on dialysate NE (A) and ACh concentrations
(B). Medetomidine at 10 and 100 pg/kg similarly decreased dialysate NE concentration (A). Medetomidine at 100 ug/kg significantly
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markedly increased dialysate ACh concentration in the
medetomidine-treated group (Figure 5B). The average slopes
of the regression lines between mean BP and log dialysate
ACh concentration were 0.0018+0.0004 in the control and
0.0062+0.0006 in the medetomidine-treated group. The slope
was significantly steeper in the medetomidine-treated group
than that in the control (P<0.01). However, the intercept did
not differ significantly between the control (0.59+0.05) and

medetomidine-treated (0.68+0.07) groups.

Protocol 4

The 20-Hz electrical stimulation of the right vagal nerve
significantly decreased heart rate from 271+11 beats/min at
the baseline to 11246 beats/min and increased dialysate ACh
concentration from 7.1+0.9nmol/L at the baseline to 38.5+
7.2nmol/L (P<0.01). However, both 10 and 100 z2g/kg of me-
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detomidine did not affect heart rate and dialysate ACh con-
centration under the electrical stimulation (10699 beats/min
and 37.1%6.1 nmol/L at 10 zg/kg, 108+15beats/min and 41.6+
7.7nmol/L at 100 .g/kg).

Discussion

We have elucidated the effects of medetomidine on cardiac
sympathetic and vagal nerve activities simultaneously using
cardiac microdialysis technique. Intravenous administration of
10 2g/kg of medetomidine significantly decreased sympathetic
NE release to the SA node, while intravenous administration
of 100ug/kg of medetomidine significantly increased vagal
ACh release to the SA node in addition to sympathetic sup-
pression.

a2-Adrenergic Agonist and Cardiac Sympathetic
Nerve Activity
It is well-documented that a2-adrenergic agonist suppresses
sympathetic nerve activity.'s Oku et al reported that dexme-
detomidine suppressed renal sympathetic nerve discharge in
baroreceptor-denervated rabbits.'® In the present study, low-
dose medetomidine decreased heart rate and mean BP through
inhibiting sympathetic nerve activity, without affecting cardiac
vagal nerve activity. High-dose medetomidine also suppressed
NE release to the same level as low-dose medetomidine.
Several mechanisms may be involved in the sympathoin-
hibitory effect of a2-adrenergic agonist. The rostral ventrolat-
eral medulla has been reported to serve as an important site in
mediating the hypotensive and sedative effects of a2-adrener-
gic agonist.'” McCallum et al reported that the central sympa-
thoinhibitory effects of «2-adrenoceptor stimulation are aug-
mented by peripheral inhibition of ganglionic transmission. '
The results obtained from protocol 1 indicate that low-dose

medetomidine may induce a vagal-dominant condition through
suppression of the cardiac sympathetic nerve without direct
activation of the cardiac vagal nerve.

az-Adrenergic Agonist and Cardiac Vagal Nerve Activity
Kamibayashi et al reported that the vagus nerve played an
important role in the antidysrhythmic effect of dexmedetomi-
dine.” However, because it is difficult to selectively monitor
cardiac vagal nerve activity, there is little direct evidence that
az-adrenergic agonists can directly increase cardiac vagal
nerve activity. In the present study, high-dose medetomidine
significantly decreased heart rate and mean BP compared with
low-dose medetomidine in protocol 1, and analyses of NE and
ACh release by microdialysis technique proved that these
decreases in heart rate and mean BP were associated with an
increase in vagal ACh release to the heart. Histocytological
studies demonstrated the presence of «2-adrenergic receptors
in the vagal dorsal motor nucleus and nucleus tractus solitai-
us.!” Therefore, it is possible that «2-adrenergic agonists di-
rectly activate the cardiac vagal nerve. It is also possible that
intravenous medetomidine also modulates vagal ACh release
through ganglionic transmission and the direct action to nerve
endings. In protocol 4, however, medetomidine did not affect
heart rate or the dialysate ACh concentration under electrical
stimulation of the right efferent vagal nerve. Thus, in our ex-
perimental setting the peripheral effects of medetomidine on
cardiac vagal nerve activity may be small compared with its
central effects.

To exclude the possibility that medetomidine-induced
hypotension affects local ACh concentrations, the mean BP
was maintained constant by co-administration of phenyleph-
rine in protocol 2. High-dose medetomidine combined with
phenylephrine enhanced the decrease in heart rate and the
increase in dialysate ACh concentration without medetomi-
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dine-induced hypotension, indicating that hypotension occur-
ring in protocol 1 had actually reduced ACh release in response
to high-dose medetomidine. The results also suggest an inter-
action between baroreflex-induced and medetomidine-induced
vagal nerve activation, which was extensively examined in
protocol 3. In protocol 3, medetomidine steepened the slope
of the regression line between mean BP and log dialysate ACh
concentration, without affecting the intercept. In other words,
medetomidine enhanced the baroreflex-induced ACh release
from cardiac vagal nerve endings. Because the central path-
way of baroreflex includes the vagal dorsal motor nucleus and
nucleus tractus solitarius, in which az-adrenergic receptors
have been demonstrated,"” medetomidine may act on this
pathway and modulate baroreflex-induced ACh release.

Clinical Implication
The selective az-adrenergic agonist, dexmedetomidine, is wide-
ly used for sedation in intensive care units. Bradycardia and
hypotension are known to be unfavorable events during dexme-
detomidine sedation.*” Some cases of dexmedetomidine-in-
duced atrioventricular block followed by cardiac arrest have
been reported.?'*2 This critical complication may be associated
with direct vagal activation by the a2-adrenergic agonist. Com-
pared with our previous results of electrical cervical vagal nerve
stimulation in rabbits,” intravenous administration of 100 zg/kg
of medetomidine had an effect equivalent to electrical vagal
stimulation at 10Hz. Furthermore, when the mean BP was
maintained constant using phenylephrine, medetomidine had a
stronger effect on cardiac vagal nerve activity, which is similar
to 20-Hz electrical vagal stimulation, and this magnitude may
sometimes cause atrioventricular block or sinus arrest.

Notwithstanding these adverse effects, vagal activation has
several favorable cardioprotective effects. Our study proved
that medetomidine, a selective a2-adrenergic agonist, is a strong
activator of cardiac vagal nerve. Vanoli et al® reported that
vagal stimulation after acute ischemia can prevent ventricular
fibrillation. Ando et al reported that efferent vagal nerve stimu-
lation prevented ischemia-induced arrhythmias by preserving
connexin 43 protein.” Our results suggest that vagal activation
in addition to sympathetic suppression probably contributes to
the antiarrhythmic effect of medetomidine.

Because inhibition of the sympathetic nerve system has been
the cornerstone of drug therapy for heart failure, a selective
a2-adrenergic agonist may be a potential therapeutic option for
heart failure. Recent studies have shown that electrical vagal
nerve stimulation also improves the outcomes in patients with
heart failure.® Electrical stimulation of carotid baroreceptor
has recently been reported to be a therapeutic option for heart
failure. Sabbah et al reported that chronic electrical stimula-
tion of the carotid sinus baroreflex improved left ventricular
function and promoted reversal of ventricular remodeling in
dogs with advanced heart failure.* Qur study demonstrated
that medetomidine modulates baroreflex control to enhance
vagal nerve activity, which may also induce further cardiopro-
tective effects.

Study Limitations

First, ACh is degraded by ACh esterase immediately after
release. Therefore, detection of in vivo ACh release requires
the addition of eserine, a specific ACh esterase inhibitor, into
the perfusate. The presence of eserine around the semiperme-
able membrane might have affected ACh release in the vicinity
of the semipermeable membrane. Eserine could have activated
regulatory pathways such as autoinhibition of ACh release via
muscarinic receptors.

Second, medetomidine is a chiral imidazole derivative. Thus,
imidazoline receptors may also be involved in the cardiac vagal
activation by medetomidine. Further investigation is necessary
to clarify the influence of imidazoline receptors on cardiac
vagal nerve activity. However, because an a2-adrenergic antag-
onist, atipamezole, abolished the hemodynamic responses
to medetomidine, we think that the cardiovascular effects of
medetomidine are mainly related to the direct action of a2-
adrenergic receptors.

Third, the interactive effects between sympathetic and vagal

. nerve endings remain uncertain in the present study. Thus, we

need further investigations including the open-loop approach
where baroreceptor input pressure is strictly controlled.

Conclusion

A selective a2-adrenergic agonist, medetomidine, directly acti-
vates cardiac vagal nerve and enhances the baroreflex control
of vagal nerve activity. Medetomidine may be a therapeutic
option for life-threatening arrhythmia or heart failure if the
adverse effects are properly managed.
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Abe C, Kawada T, Sugimachi M, Morita H. Interaction between
vestibulo-cardiovascular reflex and arterial baroreflex during postural
change in rats. J Appl Physiol 111: 1614-1621, 2011. First published
September 15, 2011; doi:10.1152/japplphysiol.00501.2011.—To ex-
amine a cooperative role for the baroreflex and the vestibular system
in controlling arterial pressure (AP) during voluntary postural change,
AP was measured in freely moving conscious rats, with or without
sinoaortic baroreceptor denervation (SAD) and/or peripheral vestibu-
lar lesion (VL). Voluntary rear-up induced a slight decrease in AP
(—5.6 = 0.8 mmHg), which was significantly augmented by SAD
(—14.7 = 1.0 mmHg) and further augmented by a combination of VL
and SAD (—21 = 1.0 mmHg). Thus we hypothesized that the
vestibular system sensitizes the baroreflex during postural change. To
test this hypothesis, open-loop baroreflex analysis was conducted on
anesthetized sham-treated and VL rats. The isolated carotid sinus
pressure was increased stepwise from 60 to 180 mmHg while rats
were placed horizontal prone or in a 60° head-up tilt (HUT) position.
HUT shifted the carotid sinus pressure-sympathetic nerve activity
(SNA) relationship (neural arc) to a higher SNA, shifted the SNA-AP
relationship (peripheral arc) to a lower AP, and, consequently, moved
the operating point to a higher SNA while maintaining AP (from 113 *
5 to 114 £ 5 mmHg). The HUT-induced neural arc shift was
completely abolished in VL rats, whereas the peripheral arc shifted to
a lower AP and the operating point moved to a lower AP (from 116 = 3
to 84 = 5 mmHg). These results indicate that the vestibular system
elicits sympathoexcitation, shifting the baroreflex neural arc to a
higher SNA and maintaining AP during HUT.

arterial baroreflex; arterial pressure; sympathetic nerve activity;
head-up tilt; rear-up; neural arc; peripheral arc

DAILY ACTIVITY-INDUCED CHANGES in the gravitational vector are
one of the major disturbances that affect the cardiovascular
system (43). For example, a postural change from a recumbent
to an upright position induces an increase in the hydrostatic
pressure gradient, a footward fluid shift, reduced venous return
and cardiac output, and reduced arterial pressure (AP). This
reduction in AP is sensed by baroreceptors in the blood vessels,
and AP is thought to be stabilized by the arterial baroreflex, an
important negative feedback process (6, 37). Alternatively,
postural changes might stimulate the vestibular organ, which is
also thought to be involved in AP regulation with postural
change (8, 17, 30, 39). AP maintenance during passive postural
change was found to be dependent on the vestibular system: if
the vestibular system was not functioning properly, AP de-
creased or fluctuated. However, the role of the vestibular
system in maintaining AP during a voluntary postural change
remains unclear, since most previous experiments studied pas-
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sive postural change using a tilt table. Therefore, one of the
aims of this study was to examine the role of the vestibular
system in maintaining AP during a voluntary postural change
in conscious rats. This is important for considering the role of
the vestibular system in maintaining AP during daily activity.
We tested the hypothesis that the vestibular system plays a
significant role in AP maintenance during voluntary rear-up
behavior in rats.

Stimulation of the vestibular system by head movement or
changes in gravitational forces is known to induce sympathoe-
xcitation (2, 11, 23, 33). Although sympathoexcitation was
observed during postural change (10, 18, 31), it is not clear
whether it is mediated through the vestibular system. Postural
change-induced AP decrease might also induce sympathoexci-
tation through the arterial baroreflex. In this regard, Ray (33)
performed an elegant experiment demonstrating that lower
body negative pressure, which is a result of postural change-
induced footward fluid shift, induces an increase in sympa-
thetic nerve activity (SNA); a further increase in SNA was
observed by head-down rotation. This result strongly suggests
that the observed sympathoexcitation upon postural change
might be a sum of the baroreflex-mediated and the vestibular-
mediated sympathoexcitation. Thus it is possible that vestibu-
lar-mediated sympathoexcitation modulates arterial baroreflex
function during postural change. Anatomic and functional
convergence of vestibular and baroreceptor signaling to the
nucleus tractus solitarius further supports the idea of interac-
tion between the vestibular system and arterial baroreflex (4,
28, 45). However, functional interaction between the barore-
flex and the vestibular system during postural change has not
been quantitatively analyzed. Therefore, the second aim of the
present study was to quantitatively analyze the functional
interaction between the baroreflex and the vestibular system
during postural change. We tested the hypothesis that the
vestibulo-sympathetic reflex sensitizes the arterial baroreflex
during postural change.

To address the first aim, the AP response during voluntary
rear-up behavior was measured in rats with or without a
peripheral vestibular organ and/or arterial baroreceptors. To
address the second aim, we evaluated the arterial baroreflex
functional curve in an open-loop experiment with isolated
carotid sinus baroreceptor regions during prone and 60°
head-up tilt (HUT) positions in sham-treated vestibular-intact
(sham) and vestibular-lesioned (VL) rats.

METHODS

Animals. The animals used in the study were maintained in accor-
dance with the “Guiding Principles for the Care and Use of Animals
in the Field of Physiological Science” set by the Physiological Society
of Japan. The experiments were approved by the Animal Research
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Table 1. Means * SE for AP, HR, and AP variability for
each group

AP, HR, Variability,

Group n mmHg beats/min mmHg

Sham 7 96 £ 2 4124 71204
VL 7 97 x2 409 %3 7402
SAD 7 96 £ 3 403 £ 2 18,5 + 1.2*
SAD+VL 7 97 £1 408 = 4 17.8 £ 0.7*

Values are means * SE; n, no. of rats. Arterial pressure (AP) and heart rate
(HR) were measured for 12 h and averaged every 5 s to obtain individual
baseline values and then averaged to obtain the group mean = SE. Variability
is the standard deviation of AP. Sham, vestibular intact; VL, vestibular
lesioned; SAD, sinoaortic baroreceptor denervated. *P < 0.05 vs. sham or VL.

The static characteristics of the baroreflex neural arc (relationship
between CSP and SNA) and the total baroreflex (relationship between
CSP and AP) were described by fitting four-parameter logistic func-
tions to the input-output data as follows (20, 22):

y=P/{1 +exp[Py X (x = P3) ]} + Py

where x and y denote the input (CSP) and output (SNA or AP),
respectively; P, is the response range of the output; P> is the slope
coefficient; P3 is the midpoint pressure of the input; and P, is the
minimum value for the output. For convenience, the maximum gain of
the logistic function is reported by a positive value as Py X Py/4.

The static characteristics of the baroreflex peripheral arc (relation-
ship between SNA and AP) were quantified from a scatter plot. A
linear regulation line is represented as follows:
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Fig. 1. Summarized data for lhe total number of rear-ups without drinking
during the 12-h dark period (A), and rear-ups lasting for more than 15 s (B) in
the sham-treated (sham), vestibular-lesioned (VL), sinoaortic baroreceptor-
denervated (SAD), and SAD+ VL rats. Values are means = SE. *P < 0.05 vs.
sham.
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Fig. 2. Typical recordings of arterial pressure (AP) in response to rear-up in

vestibular-intact (sham), VL, SAD, and SAD+ VL rats. The thick horizontal
bar indicates the rear-up period.

AP=a XxSNA+b

where a and b represent the slope and intercept, respectively.
Statistical analysis. All data are presented as means = SE. For the
data presented in Table 1 and Fig. 3B, one-way ANOVA was applied.
Repeated-measures two-way ANOVA was used for the data presented
in Table 2. If the F-ratio indicated statistical significance, the Tukey-
Kramer post hoc test was applied for between-group comparisons. A
simple linear regression line was calculated using the least squares
method for the peripheral arc of Fig. 5B, and the analysis of covari-
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Fig. 3. A: average AP response to rear-up behavior in vestibular-intact (sham),
VL, SAD, and SAD+VL rats. Thirty data points measuring AP induced by
rear-up exceeding 15 s were randomly selected from the individual rats and
then averaged for each group. The thick horizontal bar indicates the rear-up
period. B: summarized data for the sum of the differences in AP (ZAAP)
between each time point (t; 1-10 s) during rear-up and the mean value for the
10 s before rear-up. If the difference was positive, the value was considered to
be zero. Values are means = SE. *P < 0.05 vs. sham rats. TP < 0.05 vs. VL
rats. £P < 0.05 vs. SAD rats.
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ance method was applied. In all tests, P < 0.05 was considered
statistically significant.

RESULTS

To determine whether the vestibular system and/or sinoaor-
tic baroreflex is required for AP regulation during voluntary
rear-up behavior, the AP of sham, SAD, VL, and SAD+VL
rats was measured. Table 1 shows the mean baseline AP, HR,
and AP variability of all of the groups in the experiment.
Baseline AP and HR were measured for the 12-h dark period
and averaged every 5 s. AP variability is the standard deviation
of AP for the 12 h of the dark period. There were no differ-
ences in baseline AP or HR among the groups, but a significant
increase in AP variability was observed in the SAD and
SAD+ VL rats compared with both sham and VL rats.

Although there was no obvious difference in the rear-up
behavior among groups (supplemental video file; the online
version of this article contains supplemental data), the number
of rear-ups was affected in the VL and SAD+VL rats com-
pared with sham (Fig. 14). The sham and VL rats reared up
~350 times during the 12-h dark period, which was signifi-
cantly reduced in the SAD and SAD+VL rats. Furthermore,
the number of rear-ups lasting more than 15 s was significantly
reduced in the VL, SAD, and SAD+VL rats compared with
sham rats (Fig. 1B).

Figure 2 shows typical recordings of AP during rear-up
behavior in sham, VL, SAD, and SAD+ VL rats. AP response
during rear-up behavior is summarized in Fig. 3 for all groups.
In the sham rats, AP levels changed very little during rear-up
(—5.6 = 0.8 mmHg; Fig. 3A). A transient drop in AP (—9.4 =

1617

0.6 mmHg) was observed at the onset of rear-up in VL rats, but
values quickly recovered to the baseline level. In the SAD rats,
the reduction in AP was large (—14.7 £ 1.0 mmHg), and
recovery was delayed. This tendency was clearly seen in the
SAD+VL rats, in which AP decreased by 21 = 1.0 mmHg,
and its recovery was delayed. For statistical analysis, the sum
of the differences (> A) between the 10-s averaged data before
rear-up and at each time point during rear-up (from 1 to 10 s)
was calculated (Fig. 3B). SAD significantly increased > AAP
compared with the sham rats. VL alone had no significant
effect on > AAP, whereas additional VL to SAD significantly
increased > AAP compared with the SAD rats. >AAP in the
SAD+VL rats (131 mmHg X s) was greater than the simple
sum of >AAP in VL and SAD (111 mmHg X s).

Typical recordings of the measurement of baroreflex gain
under open-loop conditions are shown in Fig. 4. A stepwise
increase in CSP reduced AP, HR, and SNA in both the prone
and HUT positions in sham rats. When CSP was 60 mmHg, an
increase in SNA was observed in a sham rat, but not in a VL
rat.

Figure 5 summarizes the open-loop static characteristics of
the carotid sinus baroreflex in the sham and VL rats in the
prone and HUT positions. Each parameter is summarized in
Table 2. Figure 5A shows the baroreflex neural arc of the sham
and VL rats in the prone and HUT positions. In the sham rats,
the response range of SNA (P;) was significantly increased by
HUT, but the minimum SNA (P4) did not change, so the
increase in the response range was mainly directed to a higher
SNA level. SNA levels were similar in VL rats in the prone and
HUT positions. Therefore, the response range in the sham HUT
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Fig. 4. Representative recordings of the carotid sinus pressure (CSP), AP, heart rate (HR), and renal sympathetic nerve activity (SNA) in vestibular-intact (sham)
and VL rats in prone and head-up tilt (HUT) positions. bpm. Beats/min; a.u., arbitrary units.
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Fig. 5. Static characteristics of the average carotid sinus baroreflex for
vestibular-intact (sham) and VL rats in the prone and HUT positions. Static
characteristics of the baroreflex neural arc (A), baroreflex peripheral arc (B),
and total baroreflex (C) are shown for sham (leff) and VL (right) rats. Values
are means = SE.

rats was significantly larger than that in the VL HUT rats.
Neither the maximum gain nor midpoint pressure was affected
by VL or HUT (Table 2).

Analysis of covariance in the peripheral arc showed that
there was no difference between the sham and VL rats in the
prone position, whereas the line was shifted to a lower AP level
during HUT in both the sham and VL rats (Fig. 5B and Table
2). The degree of shift was significantly larger in the VL rats
than in the sham rats.

In the sham rats, the total baroreflex functional curve was
not affected by HUT, nor was it affected by VL in the prone
position (Fig. 5C and Table 2). However, HUT shifted the total
functional curve to a lower AP level in the VL rats, with a
significant reduction in the response range (P;), minimum AP
(P4), and maximum gain.

The baroreflex equilibrium diagram was generated by plot-
ting the neural and peripheral arcs on the pressure-SNA plane
(Fig. 6). The ordinate is either CSP (the neural arc) or AP (the
peripheral arc). The intersection between the neural and pe-

VESTIBULO-BAROREFLEX INTERACTION UPON POSTURAL CHANGE

ripheral arcs gives the closed-loop operating points. The AP of
the operating point was maintained in the sham rats during
HUT, with an increase in SNA. In other words, the operating
point shifted toward higher SNA levels, with maintenance of
AP. However, in the VL rats, the operating point shifted to
lower AP levels during HUT.

DISCUSSION

The major findings of the present study are as follows.
1) The rear-up-induced reduction in AP was increased by SAD
alone, but not VL alone; however, VL and SAD together
significantly increased the rear-up-induced reduction in AP.
2) The neural arc was shifted to a higher SNA level by HUT in
the sham rats; this shift was not observed in the VL rats. 3) A
downward shift of the peripheral arc was observed in the sham
and VL rats during HUT; the magnitude of this shift was
greater in the VL rats than in the sham rats. 4) The operating
point of AP was maintained in the sham rats during HUT, but
it was significantly reduced in the VL rats.

It is well accepted that the baroreflex plays a significant role
in AP regulation during postural changes in humans and
animals (9, 25, 37). However, the postural change-induced AP
response in SAD animals is still controversial. In anesthetized
SAD cats, a large and sustained reduction in AP was observed
during HUT (6). In contrast, no difference in the AP response
to rear-up behavior was observed between sham and SAD
conscious rats (42). The difference in these two studies might
be attributable to the use of anesthesia, passive or voluntary
postural changes, and/or species differences. In the present study,
a significantly larger reduction in AP was observed in conscious
SAD rats than in sham rats. Two possibilities can be considered to
explain this discrepancy. First, the AP response to rear-up with
drinking was omitted from our data because drinking behavior
increases AP (13, 41). Alternatively, the pressor response to
drinking behavior may have obscured the depressor response to
rear-up behavior in the SAD rats, as the drinking-behavior-
induced pressor response was larger in the SAD rats than in the
sham rats, because there was no buffering system (our unpub-
lished data). Second, the AP variability in the SAD rats was
18.5 = 1.2 mmHg in the present study, and this value is larger
than that reported in the previous rat study (11.7 = 1.5 mmHg)
(42). It is possible that the quality of SAD was different
between the two studies.

Passive HUT has been used to examine the role of the
vestibular system in AP maintenance during postural changes
(8, 17, 30, 39). The present study is the first to examine the role
of the vestibular system in AP regulation during voluntary
rear-up behavior, under which conditions the lower limb mus-
cle is contracted. This muscle contraction might induce an
increase in the venous return and then counteract rear-up-
induced AP reduction (26). Furthermore, the muscle-contrac-
tion-induced proprioceptive reflex, the somatosensory reflex,
and the behavior-linked central command might also counter-
act reduction in AP (5, 24, 27, 44). Under these conditions, VL
alone had no significant effect on rear-up-induced AP reduc-
tion; however, in conjunction with an inoperable baroreflex,
VL induced a larger reduction in AP compared with SAD
alone. The reduction in AP seen in rats with VL or SAD alone
was increased by additional denervation. Therefore, the ves-
tibulo-cardiovascular reflex and the baroreflex might operate
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Table 2. Parameters representing the static characteristics of the carotid sinus baroreflex

Sham (n = T) VL{n=T)
Prone HUT Prone HUT
Neural arc

P, response range, % T0*6 104 * [5% 638 53 = 10+
P2, slope coefficient, mmHg ™' 0.32 £ 0.15 0.14 = 0.03 0.16 £ 0.02 0.14 = 0.01
P3, midpoint pressure, mmHg 1135 117 x5 1233 117+ 4
Py

Minimum SNA, % 283 369 4] *9 46 = 11

Maximum gain, %/mmHg 5019 37207 25204 1.8 £04

Peripheral arc
R? 0.67 0.68 0.48 0.43
Regression line y = 0.88x +59.6 ¥y = 0.54x +61.7* y=0.57x +66.7F y = 0.35x +46.3*%
Total baroreflex

Py, response range, mmHg 608 61 £ 10 47*5 30 £ 57
Ps, slope coefficient, mmHg ™! 0.16 = 0.02 0.18 £ 0.06 0.18 £ 0.02 0.14 = 0.02
P, midpoint pressure, mmHg 112+ 4 116 £7 1223 113 x4
FPa

Minimum AP, mmHg 867 805 857 58 * 3%¢

Maximum gain 2304 2304 20=x02 0.9 = 0.1%f

Equilibrium diagram

Operating point AP, mmHg 1 b 114 =5 116 =3 84 = 5%
Operating point SNA, % 605 L e o L 82 * B 95 = 4

Values are means = SE; n, no. of rats. HUT, head-up tilt; SNA, sympathetic nerve activity. *P < 0.05, comparing HUT to prone in the same group. 1P <

0.05, comparing VL to sham in the same position.

separately, and these two systems might be involved in a
functional interaction. This putative interaction was quantita-
tively analyzed in the anesthetized sham and VL rats using an
open-loop baroreflex analysis.

HUT shifted the neural arc to a higher SNA level and shifted
the peripheral arc to a lower AP level in sham rats. Conse-
quently, AP at the operating point was maintained by increased
SNA. Using the same experimental setup, Kamiya et al. (19)
first demonstrated the HUT-induced upward neural arc shift in
rabbits, although the mechanism underlying this phenomenon
remained unclear. In the present study, the HUT-induced
upward shift of the neural arc was completely abolished in the
VL rats, indicating that the vestibular system is responsible for
this shift. In fact, a lateral and pitch-direction tilt or the linear
acceleration stimulates the otolith organ and alters vestibular
nucleus activity (3, 29), which might alter SNA through the
vestibulo-sympathetic reflex (2, 11, 17, 23, 30, 32, 40). Pro-
jection to the nucleus tractus solitarius and then the rostral

200 200 p
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o
o

150

-y
o
o

CSP or AP (mmHg)
=}
=)

CSP or AP (mmHg)

ventrolateral medulla may be responsible for this sympatho-
excitation (4, 34, 45). Functional convergence from the ves-
tibular and baroreceptor afferents to the same nuclei in the
nucleus tractus solitarius and the rostral ventrolateral medulla
further suggests that this is the central point of interaction
between the vestibular system and the baroreflex (7, 45).
Postural change from prone to HUT induces a downward
fluid shift and reduces the effective circulating blood volume,
reducing venous return, cardiac output, and AP (43). The
reduced circulating blood volume shifts the peripheral arc to a
lower AP level (35). To minimize these effects, it is important
to increase the venous tone and then reduce venous compliance
(12). This might be achieved by a vestibular-mediated increase
in SNA, which innervates the vein. The lower shift of the
peripheral arc was smaller in the sham rats than in the VL rats,
suggesting that lower body blood pooling in the sham rats was
less than that in the VL rats. However, Yavorcik et al. (46)
found no difference in lower limb blood pooling during HUT

Fig. 6. Baroreflex equilibrium diagram con-
structed using the fitted logistic function for
the neural arc and the regression line for the
peripheral arc in vestibular-intact (sham) (left)
and VL (right) rats. The intersection of the open
circle (a) indicates the operating point of the
prone position, and the solid circle (c) indicates
the operating point of the HUT position in the
sham rats. The intersection of the solid tri-
angle (b) indicates the operating point with-
out a HUT-induced neural arc shift in the
sham rats. The intersection of the open
square (d) shows the operating point of the
prone position, and the solid square (e)

= = Prone
— HUT

50 50
] 50 100 150 ]
SNA (%)

shows the operating point of the HUT posi-
tion in the VL rats.

50 100 150
SNA (%)

J Appl Physiol « VOL 111 « DECEMBER 2011 » WwWWw.jap.org

Z210zZ ‘1z fuenuga4 uo Bio ABojoisAyd-del woy papeojumoq




