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Mechanism behind Augmentation in Baroreflex
Sensitivity after Acute Exercise in Spontaneously
Hypertensive Rats

Naoyoshi MINAMI", Nobuyoshi MORIY, Makoto NAGASAKAY, Osamu ITO",
Hajime KUROSAWAD, Masayuki KANAZAWADY, Ki KAKU",
Eigyoku LEE", and Masahiro KOHZUKI"

A single bout of dynamic exercise increases baroreflex sensitivity (BRS) in spontaneously hypertensive rats
(SHR). We examined whether change in hemodynamics (increases in blood pressure and heart rate) asso-
ciated with dynamic exercise contribute to the post-exercise modulation of BRS. SHR aged 12 weeks were
chronically instrumented with a carotid artery catheter and jugular vein catheter. They were then allocated
to three groups submitted to 40 min of 1) running on a treadmill at 12 m/min (Run), 2) concomitant infusion
of isoproterenol and a relatively high dose of phenylephrine (Iso+Phe(high)), or 3) concomitant infusion of
isoproterenol and a relatively low dose of phenylephrine (Iso+Phe(low)). Arterial pressure and heart rate
were continuously recorded throughout the experiments. BRS estimated by heart rate responses to phenyl-
ephrine injection and systolic blood pressure-low frequency power amplitude (SBP-LFamp) evaluated by
power spectral analysis of SBP, a marker of sympathetic activity, were examined before and after running
(Run group), or administration of drugs (Iso+Phe(high) or Iso+Phe(low) groups). BRS increased signifi-
cantly from 1.4 to 1.9 bpm/mmHg after running, but not after administration of Iso+Phe(high) or
Iso+Phe(low). Blood pressure and SBP-LFamp significantly decreased in each of the Run, Iso+Phe(high)
and Iso+Phe(low) groups. These results suggest that hemodynamic change alone does not contribute to
post-exercise modulation of BRS, while hemodynamic change or sympathetic activation during exercise
contributes to post-exercise hypotension associated with a reduction of sympathetic activity. (Hypertens
Res 2006; 29: 117-122)
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known to induce hypotension in the post-exercise period in
hypertensive subjects (3) and spontaneously hypertensive rats

Introduction (SHR) (4-6). Post-exercise hypotension (PEH) is associated

It has been well demonstrated that exercise training lowers
blood pressure (/, 2) and increases baroreflex sensitivity
(BRS) (/) in hypertensive subjects. Apart from these chronic
effects of exercise, a single bout of dynamic exercise is

with no change or a reduction of heart rate (HR) (7, §) and a
reduction in cardiac (9) and peripheral sympathetic nerve
activity (10, 11). The reduction in blood pressure without a
baroreflex-mediated compensatory tachycardia or sympa-
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thetic excitation suggests that a single bout of dynamic exer-
cise resets the operating point of the arterial baroreflex to a
lower pressure (5). PEH is also associated with a reduction in
cardiac vagal tone (5, /2). However, BRS in response to
blood pressure elevation, which is predominantly determined
by augmentation in cardiac vagal activity, increases after an
acute bout of exercise (/3). These observations suggest that
the tonic and phasic reflex activity in cardiac vagal nerves are
differently modulated in the post-exercise period.

The arterial baroreceptor cardiovagal baroreflex gain is
determined by two components: mechanical gain, reflecting
the transduction of pressure into arterial wall stretch, and neu-
ral gain, reflecting the transduction of arterial diameter
changes into HR responses via central integration. There are
several possible mechanisms by which dynamic exercise
modulates these components. Arterial pressure and HR
increase during dynamic exercise. These hemodynamic
changes could influence the viscoelastic properties of the
arterial wall where arterial baroreceptors are located (/4).
Actually, Studinger et al. (15) have demonstrated that an
index of carotid arterial distensibility is altered in parallel
with BRS during the post-exercise period. Hemodynamic
changes associated with dynamic exercise could also lead to
alternations in central baroreflex processing by arterial
baroreceptors (5) or cardiac mechanoreceptor stimulation (4).
Alternatively, dynamic exercise may modulate central
baroreflex integration by triggering increased discharge from
mechanosensitive afferent nerve fibers arising from contract-
ing skeletal muscle (/6). It is not known, however, what
changes associated with dynamic exercise contribute to the
post-exercise modulation of BRS. To address this question, in
the present study BRS was measured in SHR before and after
running on a treadmill or concomitant infusion of isoprotere-
nol and phenylephrine, a combination known to increase
blood pressure and HR.

Methods

All experimental procedures were performed in accordance
with institutional guidelines.

Animal Care

Male SHR were obtained from Charles River, Astugi, Japan.
The rats were fed standard laboratory chow and water ad libi-
tum while housed at a controlled temperature (23°C) with a
12-h light-dark cycle. At the age of 11 weeks, all rats were
submitted to 10-min periods of exercise on the motor tread-
mill at 10 m/min on a 0 grade incline every day for 1 week to
become accustomed to the experimental procedures.

Surgical Procedures

At the age of 12 weeks, under ether anesthesia, an arterial
catheter (tapered PE 100 on one end) and venous catheter (PE

20) were implanted into the left carotid artery and right jugu-
lar vein, respectively. The free ends of these catheters were
brought subcutaneously to the back of the neck. The catheters
were then filled with heparinized saline (100 IU/ml), and their
ends were occluded. The rats were returned to individual
cages and allowed to recover for 2 days after surgery.

Measurement of Arterial Pressure

Arterial pressure was monitored from the arterial catheter
with a strain-gauge transducer (LIFE KIT DX-360; Nihon
Kohden, Tokyo, Japan) and amplifier (MacLab Bridge Amp
ADInstruments Pty Ltd., Castle Hill, Australia). Phasic pres-
sure, mean arterial pressure (MAP) and HR were recorded at
a sampling rate of 200/s by a data acquisition system and lab-
oratory computer (MacLab 8 analog-to-digital converter and
Macintosh computer).

Wavelet Transformation (WT)

Arterial pressure data were also stored on a magneto-optical
disk (LX-10 RECORDING UNIT; TEAC, Tokyo, Japan),
and the WT was computed using software running on a per-
sonal computer (Fluclet; Dai-nippon Pharmaceutical, Osaka,
Japan). This software performs the spectral analysis of sys-
tolic blood pressure (SBP) fluctuation based on WT and pro-
vides a description of the spectral parameters every s. The
reliability of this analytical method has been reported else-
where (/7). In the present study, the spectral component, the
low frequency (LF; 0.26-0.74 Hz) of SBP, was calculated at
every l-s interval with continuous wavelet transform. The
magnitude of the LF component was expressed as amplitude
rather than power (area under the curve obtained by spectral
analysis). The mean amplitude was obtained as follows: mean
amplitude = (2 x power)"”?. A secondary infinite impulse
response Butterworth digital filter was used for smoothing of
the amplitudes. The cut-off frequency was 0.05 Hz. The LF
amplitude of SBP (SBP-LFamp) was determined as the mean
of the filtered LFamp values obtained over each successive 5
s. Of these data, mean of three successive SBP-LFamp before
and 20 to 30 min after running or concomitant infusion of iso-
proterenol and phenylephrine, at which the rat was quiet, was
used as an index of sympathetic activity (/8).

Experimental Protocols

The rats were assigned to three groups that were subjected to
40 min of 1) running on a motor-driven treadmill at 12 m/min
at a 0 grade incline (Run) (n=6), 2) concomitant infusion of
isoproterenol and a relatively high dose of phenylephrine
(Iso+Phe(high)) (n=8), or 3) concomitant infusion of isopro-
terenol and a relatively low dose of phenylephrine
(Iso+Phe(low)) (n=5). All rats were moved from individual
cages to the treadmill and allowed to habituate to the experi-
mental conditions for at least 1 h, while the catheters were
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Fig. 1. Mean arterial pressure (MAP) (A) and heart rate
(HR) (B) before, during, and after treadmill exercise (Run)
or concomitant infusion of isoproterenol and a relatively
high dose of phenylephrine (Iso+Phe(high)), or a relatively
low dose of phenylephrine (Iso+Phe(low)). *p<0.05,
p<0.01, time 0 vs. post-Run or Iso+Phe.

being connected for measurements. After the adaptation
period, 30-min baseline data on arterial pressure and HR were
obtained. Subsequently, intravenous injections of phenyleph-
rine were given through a jugular vein catheter to produce
increases in MAP (15 to 30 mmHg). The mean of at least
three ratios of changes in HR to changes in MAP was taken as
the BRS. Following measurements of BRS, rats were submit-
ted to 40-min running, or administration of Iso+Phe(high) or
Iso+Phe(low). The rats submitted to Iso+Phe(high) received
concomitant infusion of isoproterenol (200 ng/kg/min) and
phenylephrine (40 pg/kg/min) for 40 min at a volume of 0.73
ml/h. The rats submitted to Iso+Phe(low) received the same
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infusion as the rats in the Iso+Phe(high) group during the first
10 min, and then the infusion rate of phenylephrine was
decreased to ~20 pg/kg/min so that the blood pressure
changes resembled those in the rats during exercise. The rats
in the Run group received a saline infusion at the same infu-
sion rate. Thirty min after exercise or administration of
Iso+Phe(high) or Iso+Phe(low), and an additional 60 min
after administration of Iso+Phe(low), BRS was evaluated as
described above.

Data Analysis

All results were expressed as the meanstSEM. Values of
MAP and HR during and after exercise or drug administration
were compared with baseline data (time 0) in each group
using a paired #-test. Values of BRS and SBP-LFamp before
and after exercise or drug administration were also compared
using a paired #-test. Differences were considered significant
when p<0.05.

Results

MAP and HR

Figure 1 shows the values of MAP and HR before, during,
and after the Run, Iso+Phe(high) or Iso+Phe(low) period. In
Run rats, MAP had significantly increased by 10 min after the
start of running but thereafter returned to the baseline level.
Ten min after the cessation of exercise, MAP had signifi-
cantly decreased compared with the baseline level, and this
hypotension persisted for the duration of the post-exercise
period. In Iso+Phe(low) rats, MAP changes during infusion
period and post-infusion period resembled to those of Run,
although MAP decreased more profoundly during post-infu-
sion period in the Iso+Phe(low) group than in the Run group.
In Iso+Phe(high) rats, MAP significantly increased through-
out the infusion period, and 20 and 30 min after cessation of
the infusion, MAP was significantly lower than the baseline
level. In Run, Iso+Phe(high) and Iso+Phe(low) rats, HR sig-
nificantly increased throughout the exercise or infusion
period. After exercise, HR returned to the baseline level in
Run rats, while in the Iso+Phe(high) and Iso+Phe(low) rats,
20 and 30 min after cessation of the infusion, HR was slightly
but significantly decreased compared with the baseline level.

BRS

Figure 2 shows BRS before and 30 min after exercise or drug
administration. BRS in Run rats was significantly increased
(from 1.4£0.2 to 1.9£0.2 bpm/mmHg, p=0.0003, paired ¢-
test). No significant changes in BRS were observed in
Iso+Phe(high) and Iso+Phe(low) rats (from 1.4+0.1 to
1.5£0.2 bpm/mmHg, p=0.6831 and from 1.25+0.13 to
1.2£0.12 bpm/mmHg, p=0.4900, respectively, paired t-test).
In Iso+Phe(low) rats, BRS at 60 min after termination of
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Fig. 2. Baroreflex sensitivity (BRS) before (open column)
and after (filled column) the Run, Iso+Phe(high), or
Iso +Phe(low) period. *p < 0.001, pre-Run vs. post-Run.

infusion was also unchanged (1.20£0.09 bpm/mmHg,
p=0.6157, paired t-test).

SBP-LFamp

Figure 3 shows SBP-LFamp before and after exercise or drug
administration. SBP-LFamp was significantly decreased in
Run, Iso+Phe(high) and Iso+Phe(low) rats (from 1.26+0.24
to 0.57+0.08 mmHg/Hz'"?, p=0.0099, from 0.97+0.05 to
0.62£0.10 mmHg/Hz", p=0.0139, and from 1.00£0.01 to
0.44+0.03 mmHg/Hz'"?, p=0.0001, respectively, paired ¢-
test).

Discussion

It has been well demonstrated that BRS increases after a sin-
gle bout of dynamic exercise (/3, 19, 20). However, the
mechanism responsible for the acute increase in BRS after
exercise remains unclear. The results of the present study
demonstrated that in SHR, BRS significantly increased after
running on a treadmill but not after administration of
Iso+Phe(high) or Iso+Phe(low), and the latter drug combina-
tion induced hemodynamic changes similar to those during
exercise. These results suggest that hemodynamic change
during exercise alone does not contribute to the post-exercise
augmentation of BRS in SHR.

One component determining arterial baroreceptor cardio-
vagal baroreflex gain is mechanical gain, which reflects the
transduction of pressure into arterial wall stretch. It has been
shown that increases in arterial pressure and HR could influ-
ence the viscoelastic properties of the arterial wall (/4). Actu-
ally, Chapleau et al. (21) have demonstrated that increase in
pulse pressure and HR similar to those that are induced by
exercise can sensitize baroreceptors. However, arterial disten-
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Fig. 3. SBP-LFamp, a marker of sympathetic activity,
before (open column) and after (filled column) the Run,
Iso+Phe(high) or Iso+Phe(low) period. *p<0.05, 'p<0.01,
pre-Run vs. post-Run or pre-Iso+Phe vs. post-Iso+Phe.

sibility and BRS seem to be altered in the post-exercise
period. Studinger et al. (15) have demonstrated that carotid
artery distensibility is reduced immediately after stopping
exercise but gradually increases thereafter, and exceeds the
control level at 60-min post-exercise. Analogous with these
time-dependent changes in arterial distensibility, BRS is
reduced immediately post-exercise period, and increases 30—
60 min post-exercise (22, 23).

Although the mechanisms behind these phenomena are not
clear, several explanations are possible. Elevated arterial
pressure during exercise may induce a strong myogenic
response in the carotid smooth muscle (24), and when exer-
cise is terminated and arterial pressure suddenly drops, the
myogenic smooth muscle contraction would be left unop-
posed, causing a transient decrease in carotid artery distensi-
bility. Following this, as observed after chronic exercise
training (25), increased production of endothelial-derived
relaxing factors such as nitric oxide, which is induced by fac-
tors associated with exercise, such as an increases in blood
flow (26, 27) and catecholamines (28), may relax vascular
smooth muscle, leading to an increase in arterial distensibil-
ity. Alternatively, increase in vasa vasorum blood flow may
contribute to increased aortic distensibility during the post-
exercise period (29). However, these speculations are based
on the observations obtained in normotensive animals or men.
In the present study, BRS did not change at 30 min or even 60
min after the infusion period in Iso+Phe(low) rats. It is possi-
ble that 40-min increases in arterial pressure and HR could
not alter arterial distensibility, and thus BRS in SHR,
although chronic exercise training seems to increase arterial
distensibility (30) and aortic baroreceptor gain sensitivity
(31) in SHR.



Chandler and DiCarlo (5) have demonstrated that sinoaor-
tic denervation prevents post-exercise reductions in arterial
pressure and sympathetic tonus. Cardiac afferent blockade
also attenuates PEH (4). These observations suggest that
hemodynamic change during exercise stimulates arterial
baroreceptors or cardiac mechanoreceptors, which resets the
arterial baroreflex control of sympathetic nerve activity
(SNA) to a lower operating point by modulating central
baroreflex processing. In support of this, it has been shown
that resting SNA and gain of baroreflex SNA control are
reduced after prolonged elevations of arterial pressure (32).
Consistent with the results of previous studies (10, 11, 32,
33), in the present study SBP-LFamp, a marker of SNA (/8),
decreased in association with a reduction of arterial pressure
after exercise as well as Iso+Phe infusion. On the other hand,
BRS, which is predominantly determined by augmentation in
cardiac vagal activity, increased after exercise but not after
cessation of Iso+Phe infusion. These results suggest that
afferent input(s) from some source other than arterial barore-
ceptors or cardiac mechanoreceptors contributes to increase
BRS after acute exercise in SHR.

During dynamic exercise, muscle afferents are stimulated
(34). These somatic afferent fibers project to the nucleus trac-
tus solitarii (NTS) (35), a medullary region at which arterial
baroreceptor messages are first integrated (36). Following
pressure increases, second-order neurons in the NTS are stim-
ulated and excite the parasympathetic neurons in the nucleus
ambiguous and dorsal motor nucleus of the vagus (DMV),
resulting in an increased vagal outflow to the heart and brady-
cardia. Thus muscle afferent stimulation during exercise may
directly alter the discharge properties of NTS neurons, result-
ing in an increased BRS in the post-exercise period. Although
the NTS contains an abundance of neurotransmitters (37), it
has been demonstrated that muscle afferent stimulation
releases substance P in the NTS (38). However, at the present
time it is still not clear whether or how substance P in the NTS
is involved in modulating the arterial baroreceptor reflex (39).
Alternatively, muscle afferent stimulation may indirectly
modulate the baroreflex function by changing the activities of
other sites of the central nervous system. It is known that the
NTS projects to the paraventricular nucleus (PVN) and other
hypothalamic nuclei as well as to the amygdala and cortex
(40—42), all of which reciprocally project to the NTS (43).
Among these feedback control loops, the relation between the
NTS and PVN may be of importance in terms of central adap-
tation to exercise. Braga et al. (44) have demonstrated that
oxytocinergic projections from the PVN to the NTS are stim-
ulated when rats exercise. In addition, Higa et al. (45) have
shown that oxytocinergic projections to the NTS/DMV area
act to increase BRS, thereby facilitating the vagal outflow to
the heart, during blood pressure elevations. However, since
stimulation of oxytocinergic projections to the NTS during
exercise occurs only in trained animals (44), it is not clear
whether this system is responsible for the augmentation of
BRS observed during the post-exercise period in non-trained
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SHR.

In conclusion, our data suggest that somatic afferent stimu-
lation from skeletal muscle during exercise, rather than hemo-
dynamic change, plays an important role in the post-exercise
augmentation of BRS in SHR. Further studies are needed to
clarify the possible central mechanisms by which muscle
afferent stimulation modulates BRS.
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