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Modulation of the control of muscle sympathetic nerve
activity during incremental leg cycling
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We tested the hypotheses that arterial baroreflex (ABR) control over muscle sympathetic nerve
activity (MSNA) in humans does not remain constant throughout a bout of leg cycling ranging in
intensity from very mild to exhausting. ABR control over MSNA (burst incidence, burst strength
and total MSNA) was evaluated by analysing the relationship between beat-to-beat spontaneous
variations in diastolic arterial pressure (DAP) and MSNA in 15 healthy subjects at rest and
during leg cycling in a seated position at five workloads: very mild (10 W), mild (82 £ 5.0 W),
moderate (126 == 10.2 W), heavy (156 & 14.3 W), and exhausting (190 & 21.2 W). The workload
was incremented every 6 min. The linear relationships between DAP and MSNA variables
were significantly shifted downward during very mild exercise, but then shifted progressively
upward as exercise intensity increased. During heavy and exhausting exercise, moreover, the
DAP-MSNA relationships were also significantly shifted rightward from the resting relationship.
Thesensitivity of ABR control over burstincidence and total MSNA was significantly lower during
very mild exercise than during rest, and the sensitivity of the burst incidence control remained
lower than the resting level at all higher exercise intensities. By contrast, the sensitivity of the
total MSNA control recovered to the resting level during mild and moderate exercise, and was
significantly increased during heavy and exhausting exercise (versus rest). We conclude that, in
humans, ABR control over MSNA is not uniform throughout a leg cycling exercise protocol in
which intensity was varied from very mild to exhausting. We suggest that this non-uniformity
of ABR function is one of the mechanisms by which sympathetic and cardiovascular responses

are matched to the exercise intensity.
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During dynamic exercise, mean arterial pressure (MAP),
heart rate (HR) and sympathetic nerve activity (SNA) all
increase in response to a progressive increase in workload
(Rowell etal. 1996). It has been suggested that these cardio-
vascular responses are mediated by central command
(Rowell et al. 1996) as well as by feedback mechanisms
via afferent nerves (group III and IV fibres) arising
from the working skeletal muscles (Mitchell & Schmidt,
1983; Mitchell, 1990; Rowell & O’Leary, 1990), and are
modulated by arterial and cardiopulmonary baroreflexes
(Rowell & O’Leary, 1990; Rowell et al. 1996). However,
the arterial baroreflex (ABR)-mediated regulation of SNA
during dynamic exercise is not yet fully understood.

To the best of our knowledge, only three studies have
examined ABR control of SNA during dynamic exercise in
humans by using microneurographic recordings of muscle
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sympathetic nerve activity (MSNA) (Fadel et al. 2001;
Keller et al. 2004; Ogoh et al. 2007). Fadel et al. (2001)
reported that carotid baroreflex control of MSNA remains
constant during moderate-intensity arm cycling, while
Keller et al. (2004) reported it was also unchanged during
mild-intensity one-legged kicking. Moreover, Ogoh et al.
(2007) recently reported that ABR control of MSNA is
progressively reset to higher blood pressures during the
transition from rest to steady state moderate arm cycling
with no change in reflex sensitivity. Thus all three of these
studies suggest that ABR control of MSNA is well preserved
during dynamic exercise up to moderate intensity, but ABR
control of MSNA during dynamic exercise at intensities
higher than moderate is unknown in humans.

In contrast to the findings of the aforementioned
human studies, Miki et al. (2003) observed that ABR
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control over renal SNA is reset to higher blood
pressures and higher SNA levels, with a significant increase
in ABR sensitivity, during high intensity (~70% of the
maximum oxygen consumption) treadmill exercise in
rats. In addition, significant increases in the sensitivity
of ABR control over MSNA have been observed during
isometric exercise in humans and, importantly, it was
activation of the muscle metaboreflex that triggered the
increase in sensitivity (Kamiya et al. 2001; Ichinose et al.
2004b, 2006b). It may well be that the intensities of the
dynamic exercise employed in those earlier studies, in
which ABR control of MSNA was unchanged, did not
fully activate the muscle metaboreflex (Fadel et al. 2001;
Keller et al. 2004; Ogoh et al. 2007), and that dynamic
exercise at a workload high enough to activate the muscle
metaboreflex would increase the sensitivity of ABR control
of MSNA in humans. In addition, several other factors
that reportedly influence ABR function, including central
command, the muscle mechanoreflex, body temperature,
and central venous pressure (CVP) (Iellamo et al. 1997;
Potts & Mitchell, 1998; Gallagher et al. 2001; Mcllveen
et al. 2001; Cui et al. 2002; Ogoh et al. 2002; Kamiya
et al. 2003; Charkoudian et al. 2004; Yamamoto et al.
2004), would also be progressively activated or altered as
exercise intensity increased (Rowell et al. 1996). Moreover,
the responses to dynamic exercise of the factors that
affect ABR function would differ considerably from their
responses to isometric exercise (Rowell, 1993; Rowell
et al. 1996). Consequently, ABR function during dynamic
exercise could be very different from that during isometric
exercise.

It is recognized that cardiovascular and MSNA
responses to dynamic exercise are affected by a variety
of factors, including exercise mode, muscle mass and
position during exercise (Bevegérd et al. 1966; Stenberg
etal. 1967; Victor & Seals, 1989; Ray et al. 1993; Saito et al.
1993, 1997). It is therefore possible that these factors also
influence ABR control of MSNA during dynamic exercise.
Previous studies investigating ABR control over MSNA
employed dynamic exercise with a relatively small muscle
mass (i.e. arm cycling or one-legged kicking) (Fadel et al.
2001; Keller et al. 2004; Ogoh et al. 2007). However, the
ABR-mediated regulation of MSNA during dynamic leg
exercise involving a large muscle mass (i.e. two-legged
cycling in a seated posture), which is one of the most
extensively used dynamic exercise models for physiological
studies (Saltin & Hermansen., 1966; Schemidt & Briick.
1981; Saito et al. 1993, 1997, 1999; Callister & Seals. 1994;
Gallagher et al. 2001; Nishiyasu et al. 2001; Kenny & Niedre.
2002; Hayashi et al. 2004), has never been examined and
might be different from that observed during dynamic
exercise with a small muscle mass. Our aim in the present
study was to test the working hypotheses that, in humans,
ABR control over MSNA will not remain constant
throughout a leg cycling exercise protocol during which
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intensity is incrementally increased from very mild to
exhausting.

Methods
Subjects

We studied 15 healthy volunteers (13 men and 2 women)
with a mean age of 28 &+ 2 year, mean body weight of
63.3 £2.8kg and mean height of 171.0+2.1 cm. The
subjects were all non-smokers and none was taking any
medication. They also did not participate in any regular
athletic training, but were relatively active and in good
health. The study, which was carried outin accordance with
the Declaration of Helsinki, was approved by the Human
Subjects Committee of the University of Tsukuba, and each
subject gave informed written consent.

Procedures

Each subject performed an incremental leg cycling exercise
on an electrically braked ergometer (Aerobike 800, Combi,
Tokyo, Japan) in a semirecumbent position (i.e. the
upper body was leaning back about 25 degrees). The
exercise had five workload levels selected as very mild
(10 W), mild (82 45.0 W), moderate (126 £ 10.2 W),
heavy (156 & 14.3 W) and exhausting (190 4= 21.2 W). The
workload was incremented every 6 min, and the exercise
at the highest intensity was continued until volitional
exhaustion (5-7 min). Five subjects accomplished the
entire incremental exercise protocol. With 10 subjects,
the protocol was terminated before completion because the
MSNA signal was no longer sufficiently clear for analysis
(the exercise protocol was terminated at the level of mild
exercise for three subjects, moderate for four subjects,
heavy for one subject, and exhausting for two subjects).
Data for these 10 subjects were therefore obtained until
exercise intensity reached one level below the termination
level. Control (resting) data were acquired for 5 min before
the start of the exercise. We used data obtained during the
last 3 min of each level of exercise for analysis. From the
10 min recording made during recovery after exhausting
exercise, we used the 3rd to the 5th minute as the first phase
of recovery (Recl) and the 8th to the 10th minute as the
second phase of recovery (Rec2).

Measurements

HR was monitored via a three-lead electrocardiogram
(ECG). Beat-to-beat changes in blood pressure were
monitored by finger photoplethysmography (Finapres
2300; Ohmeda, Englewood, CO, USA) using a cuff placed
around the middle finger; the forearm and hand were
supported so that the cuff was aligned at heart level.
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The Finapres measurements were confirmed by mercury
sphygmomanometer blood pressure measurements prior
to data collection.

Multiunit muscle sympathetic nerve discharges were
recorded using the microneurographic technique. A
tungsten microelectrode with a shaft diameter of 0.1 mm
and an impedance of 1-5 M2 was inserted manually by
an experimenter into the median nerve at the cubital
fossa and then adjusted until MSNA was encountered
(Saito et al. 1993, 1997). The criteria for MSNA were
spontaneous burst discharges that were synchronized with
the heart beat and enhanced by Valsalva’s manoeuvre
or apnoea, but were unaffected by cutaneous touch
or arousal stimuli (Delius et al. 1972; Vallbo et al
1979; Saito et al. 1993). The neurogram was fed to
a differential amplifier and amplified 100000 times
through a band-pass filter (500-3000 Hz), then full-wave
rectified and integrated using a capacitance-integrated
circuit with a time constant of 0.1 s. The analog signals
representing the ECG, blood-pressure waveforms, and the
mean voltage neurogram (see below) were continuously
recorded on an FM magnetic-tape data-recorder (MR-30;
TEAC, Tokyo, Japan). The data were also digitized
at a sampling frequency of 400Hz through an
analog-to-digital converter (Maclab/8e; ADInstruments,
Castle Hill, Australia), then fed into a personal computer
(Powerbook 1400C; Apple, Tokyo, Japan). In addition,
individual ratings of perceived exertion (RPE; based on
the 6-20 Borg scale) were obtained at the 3rd min and
the end of each exercise level, after which the two RPE
values obtained in each level were averaged to provide one
representative value (Borg, 1982).

Data analysis

Beat-to-beat heart rate was calculated from the R-R
intervals on the ECG. Beat-to-beat systolic and diastolic
arterial pressures (SAP and DAP, respectively) were
obtained from the arterial pressure waveform. MAP
was calculated using the equation MAP = DAP + (SAP —
DAP)/3.

During the 5 min rest period prior to exercise, MSNA
bursts were identified by inspection of the mean voltage
neurogram, after which the voltage levels during the
periods between bursts were averaged, and this level was
taken as zero. Thelargest burstamplitude occurring during
the resting period was assigned a value of 1000, after which
MSNA data were normalized with respect to this standard
in each subject. The amount of sympathetic nerve activity
under each condition was expressed as burst frequency
(bursts min~!) and burstincidence (burst/100 heartbeats).
Burst strength, obtained from the mean area of the MSNA
bursts recorded under each condition, was expressed as
mean burst strength (arbitrary units). Total MSNA was
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taken as the product of mean burst strength and burst
frequency.

Assessment of ABR control over burst incidence, burst
strength and total MSNA using spontaneous beat-to-beat
fluctuations in both blood pressure and MSNA has been
described in detail elsewhere (Ichinose et al. 2004b, 2006b).
Briefly, we investigated the ABR control over MSNA
parameters during the resting period, at each exercise
level, and during recovery as follows. First, taking into
account the latency between the R wave of the ECG and the
sympathetic burst (Fagius & Wallin., 1980), the DAP for
each individual heartbeat was related to the corresponding
MSNA data. We used DAP in this analysis because changes
in MSNA correlate closely with changes in DAP, but
not with changes in SAP (Sundlof & Wallin. 1978b).
Second, all DAP values measured under each condition
were grouped into 1 mmHg bins. In each group, diastoles
were inspected to determine whether or not they were
associated with an MSNA burst, after which the percentage
of diastoles associated with each MSNA burst (burst
incidence/beat) was calculated. Third, we used signal
averaging to determine the burst strength and total MSNA
activity for each diastolic-pressure bin (Halliwill, 2000).
Briefly, the MSNA signals were averaged over a period
corresponding to the length of the heartbeat, taking into
account the presumed latency from the R wave of the ECG,
after which the area under the averaged MSNA signal was
calculated. To calculate the burst strength related to each
diastolic-pressure bin (burst strength/beat), those MSNA
signals associated with a burst were selected and averaged,
which enabled us to calculate the area of the averaged
MSNA signal using the above-mentioned technique. The
total MSNA related to each diastole-pressure bin (total
activity/beat) was calculated as the area of the averaged
MSNA signal created from all the MSNA signals in each
bin, whether or not they were associated with an MSNA
burst. Therefore, if a cardiac cycle did not have a burst
associated with it, an MSNA signal without a burst was
included in the averaging of the total MSNA for that
bin. Finally, the calculated burst incidence, burst strength
and total MSNA obtained for each diastolic-pressure bin
was plotted against the corresponding DAP, and linear
regression analysis was performed for each diagram. At the
higher blood pressures tested, MSNA was often completely
inhibited (i.e. burst incidence went to zero at the high
DAPs). Within this range, MSNA did not change despite
changes in DAP (i.e. burst incidence was always zero);
however, below this high DAP range, MSNA is negatively
correlated with DAP. When we found the blood pressure
to be in the high range, the highest DAP included in the
regression analysis was selected from the first three DAPs
in the high blood pressure range, so as to obtain the largest
correlation coefficient for the linear regression line. For
example, if the correlation coefficient was largest when
the first two DAPs in the high blood pressure range were
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included in the regression analysis (as compared to when
the first DAP or first three DAPs were included), the second
DAP in the high blood pressure range was selected to be
the highest DAP on the linear regression line. We applied
this criterion to eliminate data in the high blood pressure
range while maintaining consistency among conditions,
and to avoid introducing subjectivity into the analysis.
The linear regression analysis was performed with and
without weighting the data with respect to the numbers of
cardiac cycles in the bins (the technique for weighting the
data is described in the Methods and Discussion of earlier
reports by Kienbaum et al. 2001 and Keller et al. 2006). The
number of DAP bins used for regression analysis during
rest, at each workload and during the recovery periods
were not different. We took the slope of each regression
line as indicating the ABR sensitivity in the control over
each variable. The points corresponding to the average
DAP on the regression lines relating burst incidence or
total MSNA to DAP were taken as the prevailing points
for a given relationship and as an index of the MSNA
corresponding to the ABR operating pressure. Because of
the weak relationship between burst strength and DAP
(described in detail in the Results and Discussion), we did
not calculate the prevailing point for the regression line
relating burst strength to DAP.

Statistical analysis

Data are presented as means =+ s.e.M. For physiological
responses (arterial blood pressure, HR and MSNA)
and for the slope and prevailing point of the linear
relationships between DAP and burst incidence and DAP
and total MSNA, comparisons among rest and each
exercise intensity were made using a one-way repeated-
measures analysis of variance with the data obtained from
five subjects who completed all the stages. To compare
the slopes of the linear relationships between DAP and
burst strength, we used a one-way non-repeated analysis
of variance because each setting had an independent
sample (i.e. as a result of the weak relationship between
DAP and burst strength, the subjects differed for each
setting). Fisher’s post hoc test was used to assess
differences between group means. The characteristics of
the relationships between MSNA (burst incidence, burst
strength and total MSNA) and DAP were determined by
least-squares linear-regression analysis. Values of P < 0.05
were considered significant. The data presented in Tables 1,
2 and 4 are group averages from all subjects, including
the subjects who could not accomplish the entire exercise
protocol. The data presented in Table 3 are group averages
from subjects for whom there was a significant linear
relationship between DAP and burst strength. The number
of subjects in each condition is shown in the tables.
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Results
Basal data

Raw recordings of arterial blood pressure and MSNA
during the resting period, at each exercise level, and during
the recovery period (Recl) are shown in Fig. 1. Table 1
shows the group values obtained for arterial blood
pressure, HR and MSNA during the indicated periods,
as well as the RPE and workload for each level of exercise.
During this incremental exercise, SAP, MAP and HR all
increased progressively. Very mild to moderate exercise
did not change DAP, though DAP was higher during
heavy and exhausting exercise than during resting period.
During very mild exercise, all of the MSNA variables
were significantly lower than the resting values. Thereafter,
burst frequency, burst strength and total MSNA increased
progressively as exercise intensity increased, and during
moderate exercise, these MSNA variables were significantly
higher than the resting values. Meanwhile, burst incidence
during mild and moderate exercise was lower than that
at rest, though it tended to increase as exercise intensity
increased, and reached the resting level during heavy and
exhausting exercise. During recovery, SAP returned to the
resting level, while DAP and MAP declined to a level below
the resting level during Rec1 but recovered to resting level
by Rec2. HR and all MSNA variables were higher than the
resting values during both recovery periods. RPE gradually
increased as exercise intensity increased.

ABR control over burst incidence, burst strength
and total MSNA

The linear regression lines relating burst incidence, burst
strength and total MSNA to DAP during the resting
period, at each exercise level, and during Recl in a
representative subject are shown in Figs2, 3 and 4,
respectively. The derived variables describing ABR control
over the three MSNA variables are presented for the group
in Tables 2, 3 and 4, respectively. We reached the same
conclusions whether or not the linear regression analysis
was performed with or without weighting of the data. All
of the subjects showed significant negative correlations
between burst incidence or total MSNA and DAP under
all conditions (Tables 2 and 4), but they did not all show a
significant negative correlation between burst strength and
DAP. The numbers of subjects who exhibited significant
negative correlations between burst strength and DAP
during the resting period, at each exercise level, and during
the recovery periods were 9 (of 15),7 (of 15),6 (0of 12), 5 (of
8),4 (0f7),4 (of 5), 4 (of 5) and 4 (of 5), respectively, and
even among those who did show significant relationships,
the correlation coefficients were smaller than those relating
burst incidence or total MSNA to DAP (Table 3).
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During very mild exercise, the linear relationships
between the three MSNA variables and DAP, as well as the
prevailing points, were shifted downward from the resting
relationship (Tables 2, 3 and 4 and Figs 24, 3A and 4A).
The linear relationship between burst incidence and DAP
and its prevailing point remained lower than the resting
level during mild and moderate exercise, but it recovered
to the resting level during heavy and exhausting exercise
(Table 2, Fig. 2). At the same time, the linear relationships
between burst strength and DAP and between total MSNA
and DAP, and its prevailing point, all recovered to the
resting level during mild exercise. Thereafter, they were all
shifted progressively upward as exercise intensity increased
(Tables 3 and 4 and Figs 3 and 4; the gradual upward shift
in the relationship between burst strength and DAP was
evidenced by progressive increases in mean burst strength).
Also during heavy and exhausting exercise, the linear
relationships between all three MSNA variables and DAP
and the prevailing points were shifted to blood pressure
levels that were higher than the resting pressures. The
slopes of the burst incidence and total MSNA lines were
smaller during very mild exercise than during the resting
period (Tables 2 and 4 and Figs 2 and 4), and the slope of
the burst incidence line remained lower than the resting
slope at all higher exercise intensities (Table 2, Fig. 2). On
the other hand, the slope of the burst strength line did
not change significantly under any condition (Table 3,
Fig. 3), but the slope of the total MSNA line recovered
to the resting level during mild and moderate exercise,
and was elevated during heavy and exhausting exercise
(Table 4, Fig. 4).

During the recovery periods, the prevailing point of the
burst incidence line shifted upward from the exhausting
exercise level and was significantly higher than the resting
level. By contrast, the linear relationships between burst
strength and DAP and between total MSNA and DAP,
and its prevailing point, were shifted downward from the
exhausting exercise level, but remained significantly higher
than the resting levels, and were comparable to, or even
higher than, the heavy exercise level. During Recl, the
linear relationships between all MSNA variables and DAP
and the prevailing points were shifted back to a pressure
lower than under the resting condition, but had returned
to the resting pressure during Rec2. The slope of the
burst incidence line recovered to the resting value during
the recovery periods. The slope of the total MSNA line
declined from that seen during the exhausting exercise,
but remained significantly greater than the resting slope.

Discussion

To our knowledge, this is the first study of ABR control
over MSNA during an exercise protocol in which intensity
(workload) was incrementally increased from very mild
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Figure 1. Raw recordings of arterial blood pressure (BP) and
MSNA

Raw recordings of arterial blood pressure and MSNA during the
resting period, very mild, mild, moderate, heavy and exhausting
exercise and recovery period in a representative subject
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Table 1. Arterial blood pressure, heart rate and MSNA during the resting period, at each level of exercise, and during the recovery
periods

Rest Very mild Mild Moderate Heavy Exhausting Rec1 Rec2
SAP (mmHg) 136 + 3.1 156 + 3.2* 177 £ 4.7* 187 + 5.6* 195 + 7.3t 199 + 10.4*¢ 123 + 5.6 121+ 7.7
DAP (mmHg) 66 + 1.9 65 + 2.0 66 + 2.8 69 + 1.8 73 £2.3* 75 + 2.8*1 58 + 2.5%} 64+ 25
MAP (mmHg) 89+ 1.8 95 + 1.5* 103 £ 2.7* 109 + 2.4* 114 £ 3.2%¢ 116 + 4.4%¢ 79 + 3.6%f 83 + 4.3}
HR (beats min~") 74 + 3.1 85 + 3.3* 108 + 3.4* 131 £+ 5.6* 160 + 5.9 179 +£ 7.1%¢ 129 + 7.6 114 £ 7.1%¢

MSNA burst frequency 26.3+1.8 19.1+1.8* 246+23  33.7+3.6° 462+47"  66.0+5.2% 55.6 + 1.5t 54.1+ 3.4*t
(bursts min~")

MSNA burst incidence 35.3 +£2.5 22.5 £ 2.0¢ 22.8 £ 2.0* 25.7 £ 2.8 29.3+35 37.3 + 3.0¢ 43.7 + 3.1%} 48.4 + 4.3*%
(bursts 100 HR™")

Mean burst strength  117.9 £ 54 101.0 +4.4* 1158+7.4 137.2 £9.5¢ 172.0 +£12.3*f 220.8 £ 16.6*} 180.9 + 11.6*F 169.6 + 12.6*}
(AU)

Total MSNA (AU) 3128 £ 289 1877 £ 167* 2882 +£365 4671 +581* 8186 + 1201*t 14792 £ 1817*1 10092 £+ 799*F 9291 + 1053*}
RPE — 81+04 12.0+0.3 143104 17.0+£0.3 19.2+0.2 — —
Work load (watt) —_ 10 82 +5.0 126 £ 10.2 156 + 14.3 190 + 21.2 — —
Number of subjects 15 15 12 8 7 5 5 5

SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAP, mean arterial pressure; HR, heart rate; MSNA, muscle sympathetic
nerve activity; AU, arbitrary units; Recl1, 3-5 min after the end of the exhausting exercise; Rec2, 8-10 min after the end of the
exhausting exercise. Total MSNA was taken as the product of mean burst strength and burst frequency. Statistical indicators depict
responses between the indicated conditions for the five subjects who completed all stages. *P < 0.05 versus Rest; 1P < 0.05 versus
Moderate. Numerical data are group averages from all subjects (including the subjects who could not accomplish the entire exercise
protocol) + s.e.m.
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Figure 2. Linear relationships between MSNA burst incidence and DAP

Linear relationships between MSNA burst incidence and DAP during the resting period (A-F, O, thin lines); very
mild (A, @, thick line), mild (B, @, thick line), moderate (C, ®, thick line), heavy (D, ®, heavy line) and exhaustive
exercise (E, ®, heavy line); and the recovery period (F, ®, thick line) in a representative subject. The larger symbols
show the prevailing points (PPo) at the indicated times during the experimental protocol. The regression lines
shown in the figure were determined by linear regression analysis performed without weighting of the data.
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to exhausting in humans. The major finding of this
investigation is that ABR control over MSNA is modulated
during incremental dynamic exercise. Very mild exercise
shifted the DAP-MSNA relationships to lower MSNA
levels and also reduced ABR sensitivity. Incremental
increases in exercise workload from mild to exhausting
caused a gradual upward shift in the DAP-MSNA
relationships. During moderate exercise, the sensitivity
of the total MSNA control recovered to the resting level,
and during heavy and exhausting exercise, there was a
rightward and upward shift in the DAP-MSNA relations
with a significant increase in the sensitivity of the control
over total MSNA. Our findings during mild and moderate
exercise are consistent with earlier studies showing that
ABR sensitivity is unchanged during moderate-intensity
arm cycling (Fadel et al. 2001; Ogoh et al. 2007) and
mild-intensity one-legged kicking (Keller et al. 2004).
Collectively, these results suggest that the sensitivity of
ABR control over MSNA during mild to moderate dynamic
exercise remains at the resting level, regardless of exercise
mode. In addition, the modulation of ABR function we
observed during heavy and exhausting exercise is in good
agreement with the earlier report that in rats high intensity
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treadmill exercise resets the ABR control over renal SNA
to higher blood pressures and higher SNA levels, with
a significant increase in the ABR sensitivity (Miki ef al.
2003). Bearing in mind those earlier studies and our
present results, we suggest that ABR control over SNA
is not uniform during dynamic exercise at different
intensities.

Data on vascular sympathetic nerve activity during
dynamic leg exercise using a large muscle mass (e.g.
two-legged cycling) in humans are quite limited (Saito
& Mano, 1991; Saito et al. 1993, 1997, 1999; Callister
et al. 1994). Saito et al. (1993, 1999) investigated the
MSNA response to leg cycling that was incrementally
increased in intensity from very mild to exhausting.
Those authors reported that MSNA burst frequency was
significantly suppressed during low-level exercise (< 20%
of maximal oxygen uptake (Vo, max)), but then increased
as the exercise intensified and showed significantly higher
burst frequency during moderate exercise (> 40% VOz,max)
than at rest. During exhausting exercise, burst frequency
was increased by ~250% over the resting level (Saito et al.
1999). The burst frequency responses observed in the
present study are in good agreement with those earlier

Figure 3. Linear relationships between MSNA burst strength and DAP
Linear relationships between MSNA burst strength and DAP during the resting period (A-F, O, thin lines); very mild
(A, @, thick line), mild (B, ®, thick line), moderate (C, ®, thick line), heavy (D, ®, thick line) and exhaustive exercise
(E, @, thick line); and the recovery period (F, ®, thick line) in a representative subject. The regression lines shown
in the figure were determined by linear regression analysis performed without weighting of the data.
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Table 2. Derived variables describing the arterial baroreflex control over MSNA burst incidence
Rest Very mild Mild Moderate

Results of the linear regression analysis performed with weighting of the data

Heavy Exhausting Rec1 Rec2

Slope of incidence line —4.56 +0.24 —3.224+0.23* —2.86 +0.18* —2.90 + 0.39* —3.55+ 0.17* —3.06 + 0.38* —4.04 & 0.31f —4.42 + 0.34¢}
(bursts 100 HR~' mmHg~")

Correlation coefficient —0.80 +0.01 —-0.73+0.02 -0.79+0.02 -0.73+0.02 -0.66+0.03 -0.72+0.03 -0.82+0.03 -0.78 & 0.01

Prevailing point 33.24+2.74*% 19.8+1.75 20.5+2.27* 26.0+2.81* 29.4+352* 339+3.09 43242727 4554+3.21%
(bursts 100 HR™")

Results of the linear regression analysis performed without weighting of the data

Slope of incidence line —4.90 £0.28 —3.51 + 0.26* —3.06 + 0.18* —3.02 + 0.43* —3.78 £ 0.17* —3.26 + 0.40* —4.27 + 0.35f —4.68 + 0.37}
(bursts 100 HR~' mmHg~")

Correlation coefficient —0.88 £0.02 —-0.81+0.02 -0.84+0.02 -0.80+0.03 -0.70+0.04 -0.79+0.03 -0.89+0.03 —0.86 £+ 0.01

Prevailing point 34.9 + 2.87 20.7 £ 1.82* 21.6 £2.38* 27.4+2.96* 31.1+3.81 35.5+3.25t 45.6 £2.87*t 47.9 £+ 3.38*}

(bursts 100 HR™")

Results of the linear regression analysis performed with and without weighting of the data are shown. Prevailing point, point on the
regression line corresponding to the average diastolic blood pressure. Statistical indicators depict responses between the indicated
conditions for the five subjects who completed all stages. *P < 0.05 versus Rest; {P < 0.05 versus Moderate. Numerical data are group
averages from all subjects (including the subjects who could not accomplish the entire exercise protocol) + s.e.m. Abbreviations and
the number of subjects in each condition are the same as in Table 1.

results. We observed a 267 4= 34% (n = 5) increase in burst
frequency over the resting level during exhausting exercise.
We also quantified burst strength and calculated total
MSNA, which was advantageous because total MSNA is
dependent on both burst frequency and burst strength
and is therefore a better index for quantifying the level

of MSNA than is either of those variables separately (Ray
et al. 1993; Ichinose et al. 2004b, 2006b; Keller et al. 2006;
Ogoh et al. 2007). During incremental cycling, mean burst
strength changed in a manner similar to burst frequency,
though its rate of change was smaller than that for
burst frequency. During exhausting exercise, the average
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Figure 4. Linear relationships between total MSNA and DAP in a representative subject

The conventions are the same as in Fig. 2. The regression lines shown in the figure were determined by linear
regression analysis performed without weighting of the data.
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Table 3. Derived variables describing the arterial baroreflex control over MSNA burst strength
Rest Very mild Mild Moderate Heavy Exhausting Recl Rec2
Results of the linear regression analysis performed with weighting of the data
Slope of strength line  —-3.31 £0.51 —-2.91+0.63 -3.01+1.02 -344+0.73 -428+0.72 -496+053 -3.65+0.16 —3.34+0.09
(units beat™" mmHg~")
Correlation coefficient —0.47 +£0.05 —0.40+0.07 -0.36+0.11 -0.53+0.08 -0.50-+0.07 -0.58+0.05 -0.58+0.04 —0.55%+0.04
Results of the linear regression analysis performed without weighting of the data
Slope of strength line  —-3.50 £0.55 -3.16+0.70 -3.21+1.09 -3.58+0.75 -4.49+0.75 -521+055 -3.83+0.17 -3.49+0.09
(units beat™" mmHg~")
Correlation coefficient —0.51+0.06 —0.42+0.08 -0.38+0.12 -0.56+0.09 -0.53+0.07 -0.62+0.05 -0.63+0.04 —0.59+0.04
Number of subjects 9 7 6 5 4 4 4 4

Results of the linear regression analysis performed with and without weighting of the data are shown. Comparisons among rest and
the different exercise intensities were made using a one-way non-repeated analysis of variance with the data obtained from subjects
for whom there was a significant linear relationship between DAP and burst strength. The data presented are group averages from
subjects for whom there was a significant linear relationship between DAP and burst strength + s.e.m. Abbreviations are same as in
Table 1.

Table 4. Derived variables describing the arterial baroreflex control over total MSNA

Rest Very mild Mild Moderate Heavy Exhausting Rec1 Rec2
Results of the linear regression analysis performed with weighting of the data
Slope of total MSNA line —4.97 £0.33 -3.80 4+ 0.22* -4.18+0.39 -4.96+0.49 -7.63 +0.44*f —9.01 4 0.58*f —6.65 £ 0.48*f  —6.25 + 0.45"}
(units beat~! mmHg~")
Correlation coefficient —0.77 £ 0.02 -0.76 + 0.02 —0.74 £ 0.02 —0.75 £ 0.03 —0.71 £ 0.06 —0.79 £ 0.02 —0.76 £ 0.06 —0.80 + 0.04
Prevailing point 52.4 + 3.68 34.8 + 2.63* 45.3 +5.48 65.2 + 4.49* 83.8 + 2.67*1 124.9 + 11.74* 100.2 + 8.94*} 96.6 + 8.83*1
(units beat™")
Results of the linear regression analysis performed without weighting of the data
Slope of total MSNA line  —5.22 +£0.35 —4.14+0.24* -436+040 -517+0.51 -8.02+0.46*f —9.48 4+ 0.60*f —6.98 £ 0.51*f  —6.56 + 0.48"}
(units beat™! mmHg~")
Correlation coefficient —0.84 £ 0.02 -0.83 +0.02 —0.83 £ 0.03 —0.82 £ 0.04 —0.77 £ 0.07 —0.88 £ 0.03 —0.84 + 0.07 —0.88 + 0.04
Prevailing point 55.9 + 3.94 38.0 + 2.83* 48.0 +5.80 68.5 + 4.76* 89.0 + 2.83*f 130.8 + 12.70*} 105.5 + 9.82*1 102.98 + 9.41*}

(units beat~")

Results of the linear regression analysis performed with and without weighting of the data are shown. Prevailing point, point on the
regression line corresponding to the average diastolic blood pressure. Statistical indicators depict responses between the indicated
conditions for the five subjects who completed all stages. *P < 0.05 versus Rest; P < 0.05 versus Moderate. Numerical data are group
averages from all subjects (including the subjects who could not accomplish the entire exercise protocol) & s.e.m. Abbreviations and

the number of subjects in each condition are same as in Table 1.

mean burst strength was increased 227 £23% (n=5)
over the resting level, while total MSNA was increased
617 £ 106% (n=>5) over the resting level. In addition,
total MSNA increased 798 &£ 77% from the lowest values
observed during very-mild exercise. These results suggest
that during the course of an incremental leg cycling
exercise, MSNA will vary widely with exercise intensity,
and vasomotor sympathetic activity will increase about
eight-fold as exercise intensity is increased from very-mild
to exhausting.

We do not know for certain the mechanism(s)
responsible for the modulation of ABR control over
MSNA seen during incremental dynamic exercise, though
it is likely that these modulations reflect the interactions
between ABR and other systems contributing to the
regulation of SNA. Indeed, ABR function is reportedly
influenced by central command as well as several peri-
pheral neural inputs (Rowell & O’Leary, 1990; Iellamo
et al. 1997; Potts & Mitchell, 1998; Cui et al. 2001, 2002;
Gallagher et al. 2001; Kamiya et al. 2001, 2003; Mcllveen
et al. 2001; Ichinose et al. 2002, 2004b, 2006b; Ogoh et al.
2002; Charkoudian et al. 2004; Yamamoto et al. 2004),

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

and these factors would be gradually activated or altered
with the increasing workload during the dynamic exercise
(Rowell et al. 1996). The inhibition of MSNA seen during
very-mild leg cycling is thought to reflect the loading
of both the cardiopulmonary and arterial baroreceptors
due to relocation of blood which pooled in legs to the
cardiopulmonary area and arterial side of the circulation
secondary to the muscle pumping action in the legs (Ray
et al. 1993; Saito et al. 1993, 1997, 1999). Furthermore,
Charkoudian et al. (2004) demonstrated that increasing
CVP via head-down tilt or saline infusion significantly
attenuates ABR sensitivity in the control of MSNA. An
increase in CVP and the resultant loading of both cardio-
pulmonary and arterial baroreceptors could therefore have
contributed to the downward shift in the DAP-MSNA
relations and the significant reduction in the sensitivity
of ABR control over MSNA during very-mild exercise. In
addition, it was previously shown that ABR control of burst
incidence is preserved during isometric exercise (Ichinose
et al. 2006b) and during mild arm cycling (Ogoh et al.
2007), whereas we found a reduction in the sensitivity
during leg cycling up to the exhausting intensity. An
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increase in CVP during leg cycling might also account for
the reduced sensitivity of burst incidence control, since
isometric exercise and upper arm dynamic exercise would
cause less important changes in CVP than dynamic leg
exercise in a seated posture (Rowell, 1993).

Increasing afferent neural input from active skeletal
muscles reflecting the progressive rise in workload also
might be involved in the modulation of ABR control
over MSNA. The results of earlier studies suggest that
activation of the muscle metaboreflex could account
for the upward and rightward shift of the DAP-MSNA
relationships, as well as for the increase in the sensitivity of
ABR control of MSNA observed during isometric exercise
(Kamiya et al. 2001; Ichinose et al. 2006b). Although
the level of dynamic exercise that activates the muscle
metaboreflex in humans is not known, earlier studies
using dogs suggest that it is not activated by mild exercise
(treadmill running at 3.2-6.4 km h™! with 0% grade), but
it becomes tonically active at exercise intensities higher
than moderate (6.4 km h™' with 10% grade or 9.6 kmh™!
with 0% grade) (Wyss et al. 1983; O’Leary & Sheriff,
1995). The modulation of ABR function during heavy
and exhausting exercise, which entailed resetting MSNA
control to higher blood pressures and higher MSNA
levels, and increases in ABR sensitivity, are consistent
with observations made during isometric exercise and
postexercise muscle ischaemia (a time when the muscle
metaboreflex would be activated in the absence of both
central command and the muscle mechanoreflex) (Cui
et al. 2001; Kamiya et al. 2001; Ichinose et al. 2004b,
2006b). Thus, it might be that the muscle metaboreflex
activated at heavy and exhausting leg cycling induced these
modifications of ABR function.

The muscle mechanoreflex is also thought to contribute
to the cardiovascular responses seen during dynamic
exercise (Mitchell, 1990; Rowell & O’Leary, 1990; Rowell
etal. 1996; Nishiyasu et al. 2001) and to induce modulation
of ABR function (Iellamo et al. 1997; Potts & Mitchell,
1998; Yamamoto et al. 2004). However, the effect of the
muscle mechanoreflex on ABR control over MSNA in
humans is still unknown. It might be initially activated
at the lowest workload and become progressively more
activated as workload increases. If so, the muscle mechano-
reflex could be a factor in the gradual modulation of
ABR function observed as exercise intensity increases (i.e.
the progressive upward resetting and the increased ABR
sensitivity at higher intensities).

Activation of central command reportedly induces
resetting of ABR control of blood pressure and HR
(Gallagher et al. 2001; Mcllveen et al. 2001; Ogoh et al.
2002). In addition, we previously observed that exclusion
of central command (and muscle mechanoreflex) during
postexercise muscle ischaemia results in a leftward and
downward shift in the DAP-MSNA relationships and a
reduction in ABR sensitivity from that observed during
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peak isometric exercise (Ichinose et al. 2006b). According
to Victor et al. (1989), central command has no effect on
MSNA during mild to moderate isometric exercise, but
MSNA is increased when central command is strongly
activated. Thus, the strong activation of central command
thatwould occur during heavy and exhausting exercise also
could account for the upward resetting of the DAP-MSNA
relations and the increase in the sensitivity of ABR control
over total MSNA.

We found that MSNA remained high during the 10 min
recovery period after exhaustion (burst frequency and
total MSNA at Recl were 228 & 29% and 435+ 71% of
the resting condition, respectively (n = 5)). What’s more,
the sensitivity of ABR control over total MSNA remained
above the resting level. Cessation of exercise would remove
central command, the muscle mechanoreflex and the
metaboreflex, so that these three factors could not account
for the increased MSNA and the modification of ABR
function seen during recovery. At the same time, however,
central blood volume would decline due to reduced venous
return and blood pooling in lower body after termination
of leg cycling. In addition, an increase in blood flow to the
skin and a reduction in plasma volume due to sweating
caused by exercise-induced hyperthermia (Rowell, 1986),
and movement of fluid from the intravascular to the
interstitial space (Mack et al. 1998), also could contribute
to a reduction in central blood volume, which would
increase MSNA by unloading of the cardiopulmonary
baroreceptors (Sundlof & Wallin, 1978a; Ichinose et al.
2004a, 2006a). Consistent with that idea, we previously
found that unloading the cardiopulmonary baroreceptors
induces an upward shift of the DAP-MSNA relationships
(Ichinose et al. 2004a, 2006a).

Another possibility is that an increase in body
temperature is involved in the increase in MSNA and
modulation of ABR function. Our incremental dynamic
exercise must have caused substantial exercise-induced
hyperthermia. Taking into account the results of
previous studies (Saltin & Hermansen, 1966; Schemidt &
Briick, 1981; Kenny & Niedre, 2002), we suggest core body
temperature might be increased by as much as 2°C by
exhaustion, and it would have remained elevated through
the 10 min recovery period (Kenny & Niedre, 2002;
Hayashi et al. 2004). Previous studies have shown that
MSNA increases with increasing core body temperature
during passive heating (Niimi et al. 1997; Cui et al. 2002;
Keller et al. 2006). In addition, Saito et al. (1997) reported
that MSNA gradually increases with increasing tympanic
temperature during prolonged mild leg cycling, which
suggests that exercise-induced hyperthermia increases
MSNA. It also has been shown that increasing core body
temperature by passive heating induces an upward shift
in the DAP-MSNA relationship (Cui et al. 2002; Kamiya
et al. 2003) as well as an increase in the sensitivity of ABR
control over MSNA (Kamiya et al. 2003; Keller et al. 2006).

© 2008 The Authors. Journal compilation © 2008 The Physiological Society
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It thus seems likely that exercise-induced hyperthermia
contributed to the increase in MSNA and modulation of
ABR control over MSNA seen during the exercise protocol
and recovery period. That said, further studies are clearly
needed to better understand the individual and interactive
effects of central command and each peripheral neural
input on the ABR control over MSNA during dynamic
exercise in humans.

Our results obtained during the recovery periods are
very different from those obtained by Halliwill et al.
(1996), which is the only other data set containing MSNA
measurements made after dynamic exercise that we are
aware of. Those investigators reported that MSNA was
~30% lower and the DAP-MSNA relationship was shifted
downward 60 min after a 60 min bout of cycling at 60%
Vo, max» as compared to pre-exercise resting condition.
The difference between our findings and theirs could
be attributable to the different intensity and duration of
exercise, body posture during the recovery measurement
(i.e. seated versus supine), and/or the postexercise time
period when the MSNA was recorded.

We found several differences in the ABR control over
burst strength and burst incidence during the incremental
leg cycling. The close relationship between burst incidence
and DAP was maintained from the resting period across all
exercise intensities and the recovery periods. By contrast,
a relatively weak relationship between burst strength and
DAP was seen in all of those settings, which suggests
that whereas ABR dominantly control burst incidence,
input from the arterial baroreceptors is not strong enough
to exert the same degree of control over burst strength.
Moreover, incremental dynamic exercise modulated ABR
control of burst incidence and burst strength differently.
Given that ABR control over total MSNA is dependent on
its control over both burstincidence and strength (Ichinose
et al. 2004a,b, 2006a,b; Keller et al. 2006), the upward
shift of the DAP—total MSNA relationship seen during
moderate to heavy exercise would reflect the upward
shift of the DAP-burst strength relationship, since the
DAP-burst incidence relationship did not shift upward
from the resting level. In addition, the upward shift of the
burst strength line (i.e. the increased burst strength) seen
during heavy and exhausting exercise could cause the total
MSNA line to have a steeper slope, even in the face of
a reduced slope in the burst incidence line, because the
total MSNA line can be expressed as the product of the
burst incidence and burst strength lines. We also observed
a clear tendency toward increases in the sensitivity of
burst strength control during heavy and exhausting
exercise, though it was not statistically significant (during
exhausting exercise, the slope of the burst strength line
increased in 3 out of 4 subjects, as compared to the
resting condition). Therefore the increased sensitivity of
burst strength control could also account for the increased
sensitivity of total MSNA control in some subjects. In sum,
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our results support the notion that the occurrence and
strength of sympathetic bursts are differentially regulated
(Malpas et al. 1996; Kienbaum et al. 2001; Ichinose et al.
2004a,b, 20064a,b). But although evidence of differential
control of the occurrence and strength of sympathetic
bursts has been reported (Hjemdahl et al. 1989; Malpas
et al. 1996; Sverrisdottir et al. 2000; Kienbaum et al. 2001;
Ichinose et al. 2004a,b, 2006a,b; Keller et al. 2006; Ogoh
et al. 2007), the mechanism remains unknown (McAllen
& Malpas, 1997).

Limitations

To evaluate ABR control over MSNA, we examined
spontaneous fluctuations in blood pressure and MSNA
in subjects at rest and during incremental exercising.
There are several limitations attached to this approach.
Although a linear relationship between the spontaneous
fluctuations in MSNA and DAP has been demonstrated
previously (Sundlof & Wallin, 1978a,b; Kienbaum et al.
2001; Kamiya et al. 2001; Ichinose et al. 2004a,b,
2006a,b), the spontaneous blood pressure fluctuations
are not particularly large. This means that the ABR
stimulus—response range that can be examined with this
method is limited (within 20 mmHg). Consequently,
we cannot discount the possibility that an increase or
reduction in ABR sensitivity observed during incremental
dynamic exercise resulted from a shift to a low or high
gain portion of the full ABR stimulus—response curve. But
although it is a narrower range than is obtained using
other methods, such as the neck-chamber technique (Fadel
et al. 2001; Ogoh et al. 2002; Ichinose et al. 2002) or
invasive pharmacological manipulation (Cui et al. 2001,
2002; Charkoudian et al. 2004), a 20 mmHg change in
blood pressure is within the physiological range and should
be a good reflection of the ABR control over MSNA under
physiological conditions. Furthermore, to investigate the
reflex effect elicited when two or more inputs are summed
(e.g. ABR and exercise pressor reflexes in this study), it is
important to use inputs that are small enough not to cause
saturation of the output due to the inherent limitation
on the effector responses of the system (Sagawa, 1983).
On that basis, our experimental results can be taken as
indicative of physiological modulation of the ABR control
over MSNA during dynamic exercise.

We performed the linear regression analysis with and
without weighting of the data with respect to the numbers
of cardiac cycles in the DAP bins. From a statistical
perspective, the weighting method has merit in that
weighting the data removes bias introduced because some
DAP bins contained very few cardiac cycles (Kienbaum
et al. 2001). On the other hand, from a physiological
viewpoint, the number of cardiac cycles in each DAP bin
should notbe included in the calculation of ABR sensitivity
because the baroreflex stimulus-response relationship is
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independent of the number of cardiac cycles (i.e. the
baroreflex does not function to detect the number of
cardiac cycles). We therefore think that both methods have
advantages and limitations. In any case, we reached the
same conclusions using either method.

Respiration is an important contributor to oscillations
in blood pressure. Exercise induced increases in the
respiration rate could cause faster oscillations in blood
pressure and influence the observed changes in ABR
responsiveness. The impact of changes in the respiration
rate and the rate at which blood pressure was changed on
ABR sensitivity assessed by our method is uncertain, and
further studies will be needed to address these issues.

The position of the needle used to record nerve
activity affects the MSNA measurements, especially the
burst strength analysis. To confirm the quality of MSNA
measurements, we carefully inspected the signal and
the sound of the nerve activity during experiments and
during the offline data analysis. For the data analysis, we
eliminated any data that showed appreciable shifts in the
baseline during cycling. As a result, we were able to obtain
only five data sets that were sufficiently clear for analysis
all the way up to the exhausting exercise. Nonetheless, we
still cannot completely rule out the possibility that subtle
changes in the needle position occurred during exercise
and influenced the MSNA measurements, as we do not
have a method to directly verify the needle position. Still,
the curvilinear increase in MSNA with increasing exercise
intensity observed in the present study is very consistent
with the pattern of the rise in plasma noradrenaline
levels elicited by increases in dynamic exercise intensity
(Lehmann et al. 1985; Mazzeo & Marshall, 1989). In
addition, the MSNA responses seen during incremental leg
cycling in the present study are also consistent with earlier
reports (Saito et al. 1993, 1999). We therefore believe that
our MSNA measurements are qualitatively reliable.

During the 3 min data segments for heavy and
exhausting exercise, we found slight gradual increases in
HR and MSNA, though blood pressure remained constant.
During exhausting exercise, the HR and total MSNA at
the 3rd min of the segment were, respectively, < 5%
and < 8%, higher than during the 1st min. Because the
increase in MSNA was small, and DAP remained constant
during these data segments, it is unlikely that using the
non-steady-state data segments had a significant impact
on the regression analysis and our conclusions.

We used absolute intensities for the incremental exercise
protocol. It would have been more appropriate to use
relative intensities to assess the responses to the different
exercise levels; however, the relative intensity of each
workload calculated as a percentage of the exhausting
exercise workload in the five subjects who accomplished
the entire exercise protocol was clearly differentiated
with no overlaps between workloads (very mild,
5.6 £ 0.6%, range 4.3-9.0%; mild, 40.7 & 1.4%, range
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36.4-47.4%; moderate, 65.2 + 0.6%, range 63.6—68.4%;
heavy, 85.3 £ 1.0%, range 81.8—-89.4%; exhausting, 100%).
Therefore, even if we had used relative intensities, the
results of the present study would not be changed.

In conclusion, our results show that in human subjects,
ABR control over MSNA is not uniform throughout a leg
cycling exercise during which intensity is incrementally
increased from very mild to exhausting. We suggest
that this non-uniformity of ABR function is one of the
mechanisms by which sympathetic and cardiovascular
responses are matched to the exercise intensity.
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