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Carotid baroreflex control of leg vasculature in exercising
and non-exercising skeletal muscle in humans
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Carotid baroreflex (CBR) function was examined in five men and three women (25 ± 1 years)
using the variable-pressure neck collar technique at rest and during dynamic, one-legged
knee extension exercise at 7 W and 25 W. The CBR exhibited control of leg vascular
conductance (LVC) at rest and during exercise in both an exercising leg (EL) and a non-
exercising leg (NEL) across a wide range of pressures from +40 Torr neck pressure (NP) to
−80 Torr neck suction (NS). Specifically, increases in LVC (% change) in response to NS
were no different across −20 to −80 Torr in either EL or NEL compared to rest, P > 0.05.
However, CBR-mediated decreases in percentage LVC in response to NP were attenuated in
EL at both 7 W (16 ± 1%) and 25 W (12 ± 1%) compared to rest (40 ± 3%; P < 0.05) as well
as compared to responses in the NEL (36 ± 6% at 7 W and 36 ± 7% at 25 W; P < 0.05). This
decrease in vascular responsiveness in EL was associated with a reduction in the gain of the
percentage muscle sympathetic nerve activity (%MSNA)–%LVC relationship compared to
rest (P < 0.05). Collectively, these data indicate that, despite a clear attenuation of the
vascular response to MSNA in the exercising leg, CBR-mediated changes in mean arterial
pressure were no different between rest and exercise.
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During exercise, there is a resetting of the arterial baroreflex
control of mean arterial pressure (MAP) (Potts et al. 1993),
heart rate (HR) (Potts et al. 1993; Norton et al. 1999a)
and muscle sympathetic nerve activity (MSNA) (Fadel
et al. 2001). In experiments using the well-established
variable-pressure neck collar technique, the percentage
change in MSNA was similar over a wide range of carotid
sinus pressures at rest and during 50% of peak oxygen
uptake (V̇O2peak) arm cycling concomitant with classic
rightward and upward resetting of carotid baroreflex
(CBR) control of MAP (Fadel et al. 2001). Subsequently,
it has been demonstrated that CBR-mediated changes in
MAP were primarily the result of changes in vascular
conductance, as opposed to changes in cardiac output, in
resting humans (Ogoh et al. 2002). Furthermore, the CBR
becomes increasingly more reliant on changes in vascular
conductance in contributing to changes in MAP during
steady-state leg cycling at workload intensities eliciting
heart rates as low as 90 beats min−1 compared to rest (Ogoh
et al. 2003). Considering that the maximal flow capacity of
the exercising human quadriceps exceeds 2.5 l min−1 kg−1

(Andersen & Saltin, 1985), it becomes imperative that a
balance exist between the regulation of blood flow to the

exercising muscles and the regulation of arterial blood
pressure.

While it is clear that baroreflex control of blood pressure
is preserved during exercise, CBR control of the vasculature
supplying exercising skeletal muscle, and non-exercising
skeletal muscle during exercise is incompletely under-
stood. Recently, it has been reported that the CBR
exhibits control of leg vascular conductance (LVC) at rest
and during one-legged knee extension exercise (Keller
et al. 2003). However, these findings were based on
only one near-maximal change in neck pressure (NP)
and neck suction (NS) without completing the full
stimulus–response curve. Furthermore, the investigation
provided no indices of MSNA from rest to exercise, or in
response to NP, or NS, and therefore did not demonstrate
the relationship between changes in MSNA and its effect
on LVC. Although additional evidence of direct CBR
control of the leg vasculature during exercise has
recently been demonstrated by Wray et al. (2004a)
using intermittent 5 s pulses of +40 Torr NP over
5 min, the functional range of response of LVC to
carotid baroreceptor stimulation and its relationship to
CBR-mediated changes in MSNA remains to be defined.
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O’Leary et al. (1991) and Collins et al. (2001)
demonstrated the importance of baroreflex control
of hindlimb vasculature during treadmill exercise in
the dog and concluded that changes in hindlimb
vascular conductance contributed progressively more to
changes in total vascular conductance in response to
bilateral carotid artery occlusion (BCO). Collins et al.
(2001) further indicated that the vasculature supplying
inactive tissue (i.e. renal) contributed relatively less to
BCO-induced changes in total vascular conductance
during steady-state exercise with increasing workloads.
However, in these investigations the contribution of
non-exercising skeletal muscle to baroreflex-mediated
changes in total vascular conductance during exercise
was not addressed. Furthermore, a progressively greater
contribution of the exercising skeletal muscle vasculature
to total vascular conductance has not been demonstrated
in humans.

Therefore, the aim of the current investigation was
to examine CBR control of leg vasculature over a wide
range of carotid sinus pressures at rest and during 7 W
(light) and 25 W (moderate) trials of one-legged knee
extension exercise. We further sought to examine the
relationship between changes in MSNA and LVC at rest and
during exercise in an exercising and non-exercising leg. We
hypothesized that: (1) CBR control of LVC of the exercising
leg and non-exercising leg would be reset during exercise
in order to regulate the prevailing blood pressure, and (2)
the relationship between CBR-mediated changes in MSNA
and LVC would be altered in the exercising leg but not in
the non-exercising leg.

Methods

Subjects

Five men and three women (age, 25 ± 1 years; height,
156 ± 9 cm; weight, 68 ± 1 kg; mean ± s.e.m.) voluntarily
participated in the present investigation. Each subject
provided written informed consent, and experiments
were approved by the University of North Texas
Health Science Center’s Institutional Review Board,
and performed in accordance with the Declaration
of Helsinki. Prior to participation, all subjects were
familiarized with the testing protocols. Subjects were
healthy, non-smokers, free of known cardiovascular and
respiratory disease, and were not using prescription
or over-the-counter medications. Subjects were advised
not to participate in any strenuous physical activity
or alcohol consumption for 24 h before any of the
scheduled experiments. Subjects were also asked to
refrain from the consumption of caffeinated beverages
for 12 h before any of the scheduled experiments.
Each subject visited the laboratory on two separate
occasions.

Experimental protocol

Experimental day 1. Carotid baroreflex control of LVC
was determined in each subject using the variable-
pressure neck collar technique at rest and during all
exercise trials on experimental day 1. After a period of
resting NP/NS trials (∼1 h), subjects performed four
trials of one-legged knee extension exercise in a
randomized order. Subjects performed two bouts of 7 W
workload exercise and two bouts of 25 W workload exercise
at a kicking rate of 30 kicks per minute (kpm) using
a modified cycle ergometer (Ergomedic 874 E, Monark)
described by Saltin (1985). While kicking, the subjects
were provided an audible cue via a metronome and
verbally encouraged when necessary to maintain the
consistency of each knee extension. The rate of kicking
was set to 30 kpm to allow for adequate time in which
the exercising leg was relaxed in order to optimize the
integrity of the Doppler ultrasound measures during
exercise. The effect of contraction rate on leg blood flow
has previously been examined (Hoelting et al. 2001;
Osada & Radegran, 2002). Osada & Radegran (2002)
demonstrated that leg blood flow was linearly matched
to total work rate, regardless of contraction frequency.
Two exercise trials at each workload (7 W and 25 W)
were performed for the collection of Doppler ultrasound
measurements from an exercising leg (EL) and a
non-exercising leg (NEL) during separate trials. The
time of each exercise trial was limited to ∼25 min in
order to eliminate the confounding effects of fatigue, or
cardiovascular drift on CBR function (Norton et al.
1999b). Exercise trials were separated by a recovery
period of ∼30 min to ensure the return of all measured
cardiovascular variables to pre-exercise values. During
periods of recovery, subjects remained in the semi-
recumbent seated position. On experimental days
laboratory temperature was maintained between 24 and
25◦C in an effort to minimize changes in skin blood
flow.

Experimental day 2. Carotid baroreflex control of MSNA
was determined in each subject using the variable-pressure
neck collar technique at rest and during all exercise
trials on experimental day 2. The resting and exercise
protocols on experimental day 2 were identical to those
of experimental day 1. However, only two randomized
exercise trials, one at 7 W and one at 25 W, were
performed for the collection of steady-state MSNA and
CBR control of MSNA recordings. Microneurographic
recordings of MSNA were successfully obtained in eight
subjects at rest, in seven subjects during 7 W exercise
and three subjects during 25 W exercise. The low success
rate of maintaining MSNA recordings at the higher
workload was primarily the consequence of movement
artifact.
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Measurements and procedures

All testing was performed with subjects in a semi-
recumbent ∼60 deg back-supported seated position,
resulting in a ∼120 deg leg-to-torso angle to optimize
one-legged exercise performance, as well as the Doppler
ultrasound measurements. Cardiovascular variables were
monitored beat-to-beat and recorded on a personal
computer (PC) equipped with customized software
(Necsuc3) that collects and records data (i.e. HR, MAP,
chamber pressure) on each R-wave, as well as a second
PC equipped with an on-line data acquisition program
(DI-720, Dataq Instruments, Akron, OH, USA) for
collection of HR, MSNA, arterial blood pressure and
femoral blood velocity. Heart rate (HR) was monitored
with a standard lead II electrocardiogram (ECG). The
ECG signals were output to a monitor (model 78342A,
Hewlett-Packard, Andover, MA, USA) interfaced with the
PC. Arterial blood pressure (ABP) in seven subjects was
measured using a Teflon catheter (18 gauge, 1.35 mm)
placed in the femoral artery of the exercising leg connected
to a pressure transducer (Maxxim Medical, Athens, TX,
USA). In one subject, femoral artery catheterization was
not performed due to an anatomical anomaly. In this
subject, arterial blood pressure was obtained using
finger-cuff photoplethysmography (Finapres, Ohmeda
2300) on the middle finger of the right hand positioned
at heart level and calibrated to match the diastolic blood
pressure achieved from brachial auscultation.

Leg blood flow

Leg blood flow was determined using pulsed Doppler
ultrasound velocimetry using the product of the femoral
artery mean blood velocity and diameter. Femoral blood
velocity (FBV) was obtained using a Doppler unit (model
MD6, D. E. Hokanson, Inc., Bellevue, WA, USA) with a
bidirectional probe operating at a frequency of 5 MHz
and calculated using the formula V = f a/(64.9cosØ), were
f a is the audio frequency, Ø is the angle of insonation
and V is the blood velocity in centimetres per second.
The Doppler probe was placed on the skin over the
common femoral artery distal to the inguinal ligament.
The angle of the transducer crystal relative to the skin was
∼60 deg. Ultrasound imaging of femoral artery diameter
was measured using a 2.5 MHz probe (model RT 6800, GE)
at a site matching that at which velocity was measured.
Average femoral artery diameter was determined at rest
and during one-legged knee extension exercise in the EL
and the NEL at minutes 5, 15 and 25 of each exercise
trial. All ultrasound data of femoral arterial diameters
were recorded onto VHS tape and further analysed
using custom software. The femoral artery radius was
determined for each subject at each condition using the
formula: radius = diameter/2. All resting FBV and resting
femoral artery diameter data were measured from one

leg of each of the subjects (i.e. right or left) before any
exercise trial was performed. Femoral artery diameter did
not change as a result of 5 s pulses of either NP or NS and
the following formula was used to calculate leg blood flow
(LBF): LBF = π × radius2 × FBV.

Muscle sympathetic nerve recordings

Postganglionic MSNA was recorded using standard
microneurographic techniques (Vallbo et al. 1979). Briefly,
a microelectrode was inserted into the peroneal nerve near
the fibular head of the non-exercising leg (left leg in all
subjects). The nerve signal was processed by a preamplifier
and an amplifier (nerve traffic analyser model 662C-3,
Department of Bioengineering, University of Iowa, Iowa
City, IA, USA) with a total gain of 90 000. Amplified
signals were band-pass filtered (700–2000 Hz), rectified
and discriminated. Raw nerve signals were integrated by
a resistance–capacitance circuit with a time constant of
0.1 s. Muscle sympathetic nerve recordings were
recognized by their pulse-synchronous burst pattern
and increased burst frequency with end-expiratory
breath holds without any responses to arousal or skin
stroking. These characteristics were used to discriminate
between muscle and skin sympathetic nerve fibres while
positioning the microelectrode. MSNA was expressed as
burst frequency (bursts min−1) and total activity (burst
frequency times mean burst amplitude) expressed in
arbitrary units. While nerve recordings at the 25 W
workload were few, recordings were attempted in all
subjects. However, due to methodological limitations,
only three were maintained during 25 W exercise.

Carotid baroreflex responsiveness

Carotid baroreflex control of MAP, LVC and MSNA
were assessed at rest by applying single 5 s pulses of
NP and NS ranging from +40 to −80 Torr as described
by Potts et al. (1993). During screening of the subjects
for this study, appropriate neck chamber placement was
ensured by first fitting the subjects based on observed
neck size, and then performing resting trials of NP and
NS to determine directionally appropriate HR and MAP
responses. In addition, when necessary, some subjects
underwent ultrasound measures to ensure proper collar
placement. Under resting conditions, NP/NS was applied
during a 10–15 s breath hold at end-expiration, in order
to minimize the respiratory modulation of HR and MAP
(Eckberg et al. 1980). During exercise, NP/NS was applied
without the presence of a breath hold. Breath holds were
not performed during exercise in an effort to reduce
the challenge to the subjects with multiple mental tasks
(i.e. breath hold, maintenance of kicking frequency) to
minimize the effect of complex central nervous system
processing on the responses. While it possible that a
discrepancy between resting and exercising conditions
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regarding the breath hold may alter CBR control of LBF,
this is unlikely due to similar CBR control of MAP
between rest and exercise. Furthermore, interpretation of
the data during exercise by comparing the responses in EL
and NEL, would account for any potential discrepancy.
A minimum of 45 s was allowed to pass between each
NP/NS trial to allow physiological variables to return to
prestimulus values. Peak responses for MAP were
determined as the greatest change over a 4 s period of time
in response to the application of NP/NS and changes from
each trial were averaged to provide a mean response for
each subject. Changes in FBV were determined during
the 4 s time period at which the peak MAP response
occurred. An average FBV over the 4 s interval was used
to assess peak FBV changes for each trial compared to
an average FBV for the 4 s immediately preceding each
NP/NS stimulus. A 4 s interval was chosen in an effort to
minimize the effect of kicking frequency on the Doppler
signal, and therefore, the contraction relative to the
relaxation phase (30 kpm, 2 s kicking cycle). These changes
were then averaged to provide a mean response for each
NP and NS for each subject. Leg vascular conductance
(LVC) was calculated using the following formula:
LVC = LBF/MAP.

The MSNA responses to each NP and NS were
determined over the 5 s period and presented as changes
in total activity. At rest, the MSNA responses for each
NP/NS were averaged to provide a mean response for
each subject, which was expressed as a percentage change
from the mean MSNA response obtained during a breath
hold alone (i.e. control trial). During one-legged knee
extension exercise, the average MSNA for each NP/NS
was compared with the time interval immediately
preceding the neck chamber stimulus. Estimated changes
in carotid sinus pressure were calculated as the prestimulus
MAP minus the chamber pressure. This estimated carotid
sinus pressure (ECSP) was used in the representation of
CBR control of MAP, LVC and MSNA. All NP and NS
stimuli are presented in units of Torr (i.e. 40 Torr,−60 Torr,
etc.), while arterial blood pressure and ECSP are presented
in units of mmHg; for calculations of ECSP, 1 Torr is equal
to 1 mmHg.

Data analyses

Stimulus–response curves for CBR control of MAP were
fitted for each subject to a four-parameter logistic function
described by Kent et al. (1972), using the following
equation:

MAP = A1{1 + exp[A2(ECSP − A3]}− 1 + A4.

A1 is the MAP response range (maximum – minimum),
A2 is the gain coefficient, A3 is the centring point (ECSP
required to elicit equal pressor and depressor responses)
and A4 is the minimum MAP response. The individual

data were fitted to this model by non-linear least-squares
regression which minimized the sum-of-squares error to
predict a curve of ‘best fit’ for each data set. The gain
of the CBR–MAP stimulus–response curve was derived
from the first derivative of the logistic function of Kent
et al. (1972), and the maximal gain (Gmax) was calculated
as the gain at the centring point (A3). The threshold
(i.e. point where no further increase in MAP occurred,
despite reductions in ECSP), as well as the saturation (i.e.
point where no further decrease in MAP occurred, despite
increases in ECSP) were also determined. Carotid sinus
pressure threshold and saturation (CSPthr and CSPsat) were
calculated using the equations described by Chen & Chang
(1991): CSPthr = −2.0/A2 + A3 and CSPsat = 2.0/A2 + A3.
These calculations of threshold and saturation are the
carotid sinus pressures at which MAP or HR are within
5% of their maximal or minimal responses. All parameters
were averaged and presented as group means.

Changes in LVC were reported as both percentage
changes and absolute changes from the respective
baseline conditions. Previous reports have identified the
relevance of using percentage changes in LVC as an index of
changes in vascular responsiveness (i.e. vasoconstriction,
vasodilatation) while absolute changes in conductance are
indicative of the relative contribution of a given vascular
bed (i.e. leg) to the total vascular system (Buckwalter &
Clifford, 2001). CBR control of MSNA and LVC were
unable to be modelled by the logistic function model of
Kent et al. (1972) and therefore, estimates of CBR–MSNA
and CBR–LVC reflex sensitivity at rest and during
one-legged knee extension exercise were determined using
linear regression analysis (Fadel et al. 2001). In addition,
the relationship between CBR-mediated changes in MSNA
and LVC (% and absolute changes) were also examined at
rest and during exercise using linear regression analysis.
These relationships were determined using the responses
to a range of neck chamber pressures from +40 to
−40 Torr so as to minimize any reductions in calculated
gain within a given condition due to the extreme flatness
of the CBR curve in response to increasingly hyper-
tensive stimuli. Consequently, since responses to −60 and
−80 Torr NS were not statistically different from −40 Torr
NS, we did not include these points in our analyses to
minimize the influence of this saturation effect on our
overall gain estimates.

Statistical analyses

Comparisons of physiological variables, CBR–MAP
stimulus–response parameters and CBR–LVC reflex
sensitivity between rest and exercise were made using
paired t tests. A two-way analysis of variance was used
to determine significant differences in CBR control of
%LVC between rest and exercise (7 W and 25 W) in the
exercising and non-exercising leg. For comparisons of
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steady-state MSNA between rest and exercise at 7 W, a
paired t test was used for the seven subjects for whom
nerve recordings were maintained during exercise.
Comparisons of steady-state MSNA at 25 W exercise
were not made due to the low number of subjects
for whom nerve recordings were maintained (n = 3).
Statistical significance was set at P < 0.05. Values are
means ± s.e.m.

Results

Cardiovascular, haemodynamic and sympathetic
responses to one-legged knee extension exercise

Cardiovascular and haemodynamic measurements
obtained at rest and during exercise are presented in
Table 1. During 7 W exercise, MAP was no different from
rest while MAP during 25 W exercise was significantly
increased compared to rest and 7 W exercise (P < 0.05).
Muscle sympathetic nerve activity demonstrated a
tendency to decrease during 7 W exercise compared to
rest (29 ± 2 versus 24 ± 3 bursts min−1), but this difference
did not reach statistical significance (P = 0.059). Likewise,
in the three subjects for whom sympathetic nerve
recordings were maintained during the 25 W exercise
bout, no major changes in MSNA were observed (27 ± 6
versus 28 ± 4 bursts min−1 at rest). As expected, during
one-legged knee extension exercise, LBF and LVC
progressively increased in the exercising leg above rest
during 7 W and 25 W exercise (P < 0.05). In contrast,
LBF in NEL did not increase at 7 W, and only a minimal
increase, albeit statistically significant, occurred at 25 W
(P < 0.05). However, LVC did not change in NEL during
exercise at 7 W or 25 W (P > 0.05).

Carotid baroreflex control of LVC

CBR-mediated changes in LVC are presented in Fig. 1
(percentage changes) and Fig. 2 (absolute changes). At
rest, the application of NP resulted in decreases in LVC
(−40 ± 3% to +40 Torr; −34 ± 6% to +20 Torr). During
one-legged knee extension exercise at 7 W, the decreases
in %LVC in the exercising leg in response to both +40
and+20 Torr NP (−16 ± 1% and−12 ± 1%, respectively)
were attenuated compared to rest as well as compared to
responses in NEL (−36 ± 6% and −39 ± 8%, respectively,
P < 0.05). Interestingly, there was no difference between
the attenuated changes in %LVC to NP of +40 and
+20 Torr between exercise at 7 W and 25 W in the
exercising leg (P > 0.05). Absolute changes in LVC in
response to NP at rest and during exercise in both
the exercising and non-exercising leg were not different
across conditions (P > 0.05) (Fig. 2). The increases in
LVC (percentage and absolute) in response to NS were
no different across −20 to −80 Torr at rest and during
exercise in either the exercising or non-exercising leg

Table 1. Physiological responses to one-legged knee extension
exercise

Exercise

Rest 7 W 25 W

HR (beats min−1) 72 ± 4 81 ± 5∗ 87 ± 5∗†
MAP (mmHg) 86 ± 4 87 ± 3 93 ± 3∗†
LBF (ml min−1)

Exercising leg 261 ± 55 717 ± 75∗ 1185 ± 129∗†
Non-exercising leg 261 ± 55 254 ± 34 344 ± 33∗†

LVC (ml min−1 mmHg−1)
Exercising leg 3.1 ± 0.7 8.4 ± 1.0∗ 12.8 ± 1.5∗†
Non-exercising leg 3.1 ± 0.7 3.0 ± 0.4 3.7 ± 0.4

Values are means ± S.E.M. HR, heart rate; MAP, mean arterial
pressure; LBF, leg blood flow; LVC, leg vascular conductance.
∗Significantly different from rest (P < 0.05). †Significantly
different from 7 W (P < 0.05).

(P > 0.05). Estimated CBR–%LVC sensitivity (or gain)
was significantly reduced in EL at 7 W and 25 W
(0.54 ± 0.1 and 0.30 ± 0.1% mmHg−1) compared to rest
(0.77 ± 0.1% mmHg−1).
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Figure 1. Carotid baroreflex (CBR)-mediated percentage
changes in leg vascular conductance (LVC)
CBR-mediated percentage changes in LVC, determined with the
variable-pressure neck collar technique, at rest and during one-legged
knee extension exercise at 7 W and 25 W in an exercising leg (EL, A)
and in a non-exercising leg (NEL, B). ∗Significantly different from rest,
P < 0.05.
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Carotid baroreflex control of MSNA

Figure 3 displays the stimulus–response relationship for
CBR control of MSNA at rest and during 7 W and
25 W exercise. The percentage change in MSNA total
activity in response to each NP/NS stimulus from +40
to −80 Torr was not different from rest to exercise at 7 W.
Likewise, the estimated CBR–%MSNA sensitivity over an
examined range of neck chamber pressures from +40 to
−40 Torr were no different between rest and 7 W exercise
(−1.72 ± 0.6 versus −2.88 ± 0.6% mmHg−1, respectively,
P > 0.05).

Reflex-mediated changes in MSNA
and the transduction to changes in LVC

Statistical comparisons of reflex-mediated changes in
MSNA and the transduction to changes in LVC were only
performed between rest and 7 W exercise in EL and NEL.
The gain of the relationship between changes in %MSNA
and %LVC to a range of chamber pressures from +40
to −40 Torr was significantly reduced in EL compared
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Figure 2. CBR-mediated changes in absolute LVC
(ml min−1 mmHg−1)
CBR-mediated changes in absolute LVC, determined with the
variable-pressure neck collar technique, at rest and during one-legged
knee extension exercise at 7 W and 25 W in EL (A) and NEL (B).
∗Significantly different from rest, P < 0.05.

to rest (see Fig. 4A, P < 0.05). However, the gain of the
relationship between changes in %MSNA and absolute
changes in LVC in EL was similar to rest (see Fig. 4B,
P > 0.05). In NEL, the gain for changes in %MSNA and
both percentage and absolute changes in LVC were no
different compared to rest (P > 0.05).

Carotid baroreflex control of MAP

Figure 5 displays the stimulus–response curves for CBR
control of MAP at rest and during 7 W and 25 W
exercise. Table 2 illustrates CBR stimulus–response curve
parameters for the logistic modelling. All parameters
for the CBR–MAP function curves were similar for rest
and exercise. However, the operating point (OP) for
CBR control of MAP during 25 W exercise was shifted
rightward and upward to the prevailing MAP of the
exercise.

Discussion

There are several new findings from the present
investigation. First, carotid baroreflex control of LVC was
present across a wide range of carotid sinus pressures
at rest and during exercise in both exercising and
non-exercising skeletal muscle. However, estimated
CBR–%LVC sensitivity was significantly reduced in
the exercising leg. Second, the relationship between
CBR-mediated changes in MSNA and the consequent
changes in %LVC was attenuated in the exercising
leg compared to rest. Third, the attenuated vascular
responsiveness in the exercising leg to hypotensive stimuli
(NP) was not different for 7 W and 25 W. Thus, the
degree of attenuation in exercising muscle did not seem
to be affected by exercise intensity, which may allow
for continued increases in perfusion of the exercising
muscle without completely eliminating CBR control of
LVC. Lastly, despite the attenuated percentage change in
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Figure 3. CBR-mediated changes in muscle sympathetic nerve
activity (MSNA)
CBR-mediated changes in MSNA, determined with the variable-
pressure neck collar technique, at rest and during one-legged knee
extension exercise at 7 W and 25 W in a non-exercising leg. Data are
expressed as percentage change from baseline.
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LVC in the exercising leg, the CBR-mediated decreases
in absolute LVC were similar in the exercising and
non-exercising leg. This suggests that even though blood
flow is elevated 3- to 4-fold in the exercising leg during low
to moderate knee extensor exercise the overall absolute
contribution of the exercising and non-exercising leg
to CBR-mediated changes in total vascular conductance
are equivalent. Collectively these data demonstrate that,
despite the modulation of sympathetic responsiveness in
exercising skeletal muscle, carotid baroreflex control of
LVC is maintained during exercise.

Carotid baroreflex control of LVC at rest
and during exercise

In the current investigation, we have demonstrated for the
first time CBR control of the leg vasculature across a range
of carotid sinus pressures at rest and during one-legged
knee extension exercise at 7 W and 25 W in an exercising
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Figure 4. Comparisons of CBR-mediated changes in MSNA and
the transduction to changes in LVC between rest and 7 W
exercise in EL and NEL
A, group average gain of CBR-mediated changes in muscle
sympathetic nerve activity (%MSNA) and percentage changes in leg
vascular conductance (%LVC) at rest and during one-legged knee
extension exercise (7 W). B, group average gain of CBR-mediated
changes in %MSNA and absolute changes in LVC at rest and during
one-legged knee extension exercise. Gains represent group average
slopes for linear regressions of percentage changes in MSNA and
changes in LVC across neck chamber pressures +40, +20, 0, −20 and
−40 Torr. ∗Significantly different from rest, P < 0.05.

and non-exercising leg. Thus, similar to previous reports
on CBR control of HR, MAP and MSNA, it is now
clear that the CBR maintains its ability to modulate LVC
around the prevailing blood pressure during exercise.
However, the ability of the CBR to modulate LVC is
attenuated by exercise, an effect that is specific to the
active muscle bed. In response to hypotensive stimuli
(+40 and +20 Torr NP), CBR-induced decreases in %LVC
were attenuated during both 7 W and 25 W in the
exercising leg compared to rest and the non-exercising
leg.

These findings using graded CBR-mediated
sympathetic activation are in agreement with several
animal (Thomas et al. 1994; Buckwalter et al. 2001; Ruble
et al. 2002) and human investigations (Tschakovsky et al.
2002; Rosenmeier et al. 2003; Wray et al. 2004b) that
have demonstrated the ability of muscle contraction to
modulate pharmacologically induced sympathetic vaso-
constriction (i.e. functional sympatholysis). Likewise,
Keller et al. (2003) had previously demonstrated
an attenuated decrease in %LVC in response to NP
(+40 Torr) during exercise. However, these investigators
used only one near-maximal change in NP along with one
hypertensive NS (−60 Torr) without completing the full
stimulus–response curve.

An interesting aspect from our findings using light to
moderate knee extension exercise is that the degree of
attenuation in exercising muscle did not seem to be affected
by exercise intensity in that the responses to both +40
and +20 Torr NP were attenuated to a similar degree
during both 7 W and 25 W exercise. This finding differs
from previous reports which have indicated an intensity-
dependent attenuation of sympathetic vasoconstriction
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Figure 5. Carotid baroreflex–MAP stimulus–response curves
CBR–MAP stimulus–response curves, determined with the
variable-pressure neck collar technique, at rest and during one-legged
knee extension exercise at 7 W and 25 W. Lines represent fitted
logistic functions generated from the CBR–MAP curve parameters for
the group. ECSP, estimated carotid sinus pressure; OP, operating point.
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Table 2. Average carotid baroreflex–MAP function curve parameters

Exercise

Rest 7 W 25 W

Threshold (mmHg) 65 ± 6 61 ± 4 59 ± 7
Saturation (mmHg) 125 ± 5 122 ± 7 144 ± 7†
Operating point (mmHg) 86 ± 4 87 ± 3 93 ± 3∗†
Centring point (mmHg) 95 ± 4 92 ± 4 101 ± 4†
Gmax (mmHg mmHg−1) −0.39 ± 0.05 −0.39 ± 0.04 −0.034 ± 0.03
Response range (mmHg) 22 ± 3 23 ± 2 27 ± 2∗

Minimum MAP response (mmHg) 73 ± 4 74 ± 3 77 ± 3

Values are means ± S.E.M. Gmax, the maximal gain. ∗Significantly different from rest (P < 0.05).
†Significantly different from 7 W.

to endogenous noradrenaline (norepinephrine) release
in the human forearm (Tschakovsky et al. 2002) and
to selective α-adrenergic vasoconstrictors in the dog
hindlimb (Buckwalter et al. 2001). It is likely that these
differing results between studies are due to variations in
vascular beds being studied, exercise protocols employed,
and/or sympathetic stimuli utilized. Nevertheless, we
speculate that the lack of a further attenuation with
the increasing exercise intensity to 25 W allows for
increases in perfusion of the exercising muscle with
increases in exercise intensity without completely
eliminating CBR control of LVC. Clearly, further
studies incorporating larger muscle mass exercise and
using higher intensities are needed to explore such
speculation.

In response to neck suction (NS), the carotid baroreflex
induced increases in both %LVC and absolute LVC over a
range of neck chamber pressures from −20 to −80 Torr
at rest and during exercise in both the exercising and
non-exercising leg. However, in contrast to NP, there were
no significant differences in CBR-mediated increases in
%LVC in the exercising leg at 7 W or at 25 W in comparison
to rest. These findings indicate that vascular responsiveness
to CBR-induced withdrawal of MSNA is unchanged
during light to moderate exercise. This proposed
discrepancy between NP and NS is most likely to be
due to the active and passive nature of the end-organ
response. The result of NP is an increase in MSNA
directed to the vasculature causing some degree of
active vasoconstriction which is then modulated by the
influence of functional sympatholysis (Remensnyder et al.
1962; Hansen et al. 2000; Buckwalter & Clifford, 2001;
Buckwalter et al. 2001; Ruble et al. 2002; Dinenno
& Joyner, 2003; Joyner & Thomas, 2003; Wray et al.
2004b). On the other hand, NS causes a withdrawal
of MSNA which leads to a passive dilatation of the
vasculature. In the present investigation, this effect of NS
to cause passive dilatation was not influenced by
functional sympatholysis during light to moderate
workload exercise. However, Strange et al. (1990),

using repetitive pulses of NS, demonstrated that as
exercise intensity increased to relatively high workloads,
CBR-mediated increases in LVC were diminished during
leg cycling. Thus, it is plausible that during high intensity
exercise competitive vasoconstrictor influences which are
not present during exercise at light or moderate workloads
(i.e. angiotensin II, circulating noradrenaline, etc.)
modulate the vascular response to baroreflex-mediated
withdrawal of MSNA.

Tranduction of changes in MSNA to changes in LVC

In the present investigation, the percentage changes in
MSNA to a given neck chamber pressure were not
different between rest and 7 W exercise confirming the
preservation of CBR control of MSNA during exercise
initially identified by Fadel et al. (2001). The CBR control
of MSNA at 25 W exercise also appeared to be similar to
rest; however, caution should be taken when interpreting
these data because nerve recordings at this workload could
only be maintained in a limited number of subjects. More
importantly, by directly measuring MSNA and LVC in the
same subjects, we have demonstrated for the first time
the static relationship between CBR-mediated changes in
MSNA and the consequent changes in LVC at rest and
during one-legged knee extension exercise in an exercising
and non-exercising leg. Although the CBR control of
MSNA was maintained during exercise, the relationship
between CBR-mediated changes in MSNA and %LVC was
attenuated in the exercising leg compared to rest and
a non-exercising leg. These data demonstrate that the
attenuated responses in the exercising leg are primarily
the consequence of alterations in vascular responsiveness
without any major effects on the actual sympathetic
stimulus.

Interestingly, despite this effect of exercise to
attenuate sympathetic responsiveness (i.e. functional
sympatholysis) in the exercising leg, the gain between
percentage changes in MSNA and absolute changes in
LVC were no different in the exercising leg. This occurred
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despite a 3- to 4-fold increase in steady-state LVC of the
exercising leg. Thus, at the low to moderate workloads
employed in the current study a balance must exist between
baroreflex-mediated changes in the conductance of a
given vascular bed and the influence of contraction-
induced attenuation of sympathetically mediated
vasoconstriction such that the overall absolute
contribution of exercising and non-exercising vascular
beds are equivalent. However, even though it was clear
that the absolute change in LVC in response to NP in the
exercising leg was not different at rest or at 7 W exercise,
there was a trend for a greater change in absolute LVC
at 25 W exercise in the current investigation. Thus, as
exercise intensity increases the absolute change in LVC
may be greater in the exercising muscle even though
the percentage change in LVC is attenuated. A proposed
model of baroreflex control of the vasculature in an
exercising leg and absolute changes in leg vascular
conductance at higher workloads is presented in Fig. 6.
This model takes into account several studies in dogs
which demonstrate that with increasing exercise intensity,
the changes in hindlimb vasculature of an exercising dog
to bilateral carotid artery occlusion becomes significantly
greater during exercise in a workload-dependent manner
(O’Leary et al. 1991; Collins et al. 2001). Thus, a balance
must exist between baroreflex-mediated changes in
conductance of a given vascular bed and the influence
of exercise-induced attenuation of sympathetic vaso-
constriction. It is likely that this balance allows for
continued increases in perfusion of the exercising muscle
in conjunction with a maintained ability of the baroreflex
to control vascular conductance and thus, blood
pressure.

Potential limitations

In this investigation, measures of MSNA were collected
from the non-exercising leg. While it has been
demonstrated that MSNA is global throughout the
body during exercise (Seals & Victor, 1991), it remains
possible that the activity between vascular beds is
different. Another limitation in this investigation was
our inability to model CBR–MSNA and CBR–LVC
relationships using the logistic function model described
by Kent et al. (1972). However, while it is apparent that this
logistic function can be used to describe CBR control of
MAP, HR and R–R interval, the use of this logistic function
to describe CBR control of MSNA and LVC appears
unsuitable in small subject populations, which is likely due
to the large variability of individual responses to NP/NS
for these specific variables. Fadel et al. (2001) compared
CBR-mediated changes in MSNA between rest and exercise
as the percentage change in MSNA from the respective
baseline sympathetic outflow. We too have chosen to report
changes in CBR control of MSNA in a similar fashion.

Also, we identified potential changes in CBR control of
LVC in a similar fashion to MSNA in that both percentage
changes and absolute changes in LVC in response to each
NP/NS stimulus were compared during rest and exercise.
In terms of physiological significance, we used percentage
changes in LVC as an index of vascular responsiveness
(i.e. vasoconstriction) and absolute changes as an index
of the contribution of the leg vasculature to baroreflex
control of blood pressure (Buckwalter & Clifford, 2001).
Another methodological limitation involves the lack of
our ability when using Doppler ultrasound measures
of leg blood flow to distinguish the supply of other
tissue in the leg (i.e. skin, bone, inactive skeletal
muscle, etc.). However, with respect to CBR-mediated
changes in LVC, it is likely that any modulation during
exercise would primarily originate in the active skeletal
muscle.

In summary, we have demonstrated that carotid
baroreflex control of LVC was present across a wide range
of carotid sinus pressures both at rest and during exercise.
Furthermore, the relationship between CBR-mediated
changes in MSNA and the consequent changes in
%LVC was attenuated in the exercising leg compared
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Figure 6. Proposed hypothetical model demonstrating the
relationship between predicted carotid baroreflex control of
LVC in an exercising leg and increasing steady-state LVC
Note that with a proposed plateau of effective CBR vasoconstriction
(i.e. sympatholysis) in an exercising leg, the absolute changes beyond a
hypothetical threshold steady-state leg conductance become
progressively larger. Therefore, the exercising leg may contribute more
to CBR-mediated changes in arterial blood pressure with increasing
steady-state leg conductance. Effective CBR vasoconstriction
(continuous line), relative effectiveness of CBR-mediated
vasoconstrictor stimuli derived from %LVC with the predicted plateau
of the influence of functional sympatholysis. Steady-state LVC (dashed
line), steady-state absolute leg vascular conductance; CBR-mediated
change in LVC (dotted line), absolute change in leg vascular
conductance in response to CBR hypotension (i.e. neck pressure).
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to rest, indicating an exercise-induced attenuation of
sympathetic vasoconstriction in the active muscle bed.
However, despite the clear attenuation of the vascular
response to MSNA in the exercising leg, CBR-mediated
changes in mean arterial pressure were no different
between rest and exercise. These data indicate that
an exquisite balance exists between baroreflex-mediated
changes in conductance of a given vascular bed and the
influence of exercise-induced attenuation of sympathetic
vasoconstriction. It is likely that this balance allows
for continued increases in perfusion of the exercising
muscle in conjunction with a maintained ability of the
baroreflex to control vascular conductance and thus, blood
pressure.
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