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Key Points

• Sympathetic support of blood pressure demands the efficient control of vascular tone; however,
little is known regarding how spontaneously occurring bursts of muscle sympathetic nerve
activity (MSNA) dynamically influence forearm vascular conductance.

• This study examined the extent to which spontaneous MSNA bursts evoke changes in forearm
vascular conductance and blood pressure with and without local α-adrenergic blockade in
young healthy men during supine rest.

• We observed that under resting conditions, forearm vascular conductance increases briefly
and then significantly decreases in association with the total amount of the preceding MSNA;
however, during α-adrenergic blockade the decrease in vascular conductance is eliminated.

• These results indicate that normal variations in spontaneous MSNA burst activity are
systematically followed by transient and robust responses of forearm vasoconstriction and
that this influence is mediated via α-adrenergic receptor mechanisms.

Abstract Sympathetic vascular transduction is commonly understood to act as a basic relay
mechanism, but under basal conditions, competing dilatory signals may interact with and alter
the ability of sympathetic activity to decrease vascular conductance. Thus, we determined the
extent to which spontaneous bursts of muscle sympathetic nerve activity (MSNA) mediate
decreases in forearm vascular conductance (FVC) and the contribution of local α-adrenergic
receptor-mediated pathways to the observed FVC responses. In 19 young men, MSNA (micro-
neurography), arterial blood pressure and brachial artery blood flow (duplex Doppler ultrasound)
were continuously measured during supine rest. These measures were also recorded in seven
men during intra-arterial infusions of normal saline, phentolamine (PHEN) and PHEN with
angiotensin II (PHEN+ANG). The latter was used to control for increases in resting blood flow
with α-adrenergic blockade. Spike-triggered averaging was used to characterize beat-by-beat
changes in FVC for 15 cardiac cycles following each MSNA burst and a peak response was
calculated. Following MSNA bursts, FVC initially increased by +3.3 ± 0.3% (P = 0.016) and then
robustly decreased to a nadir of −5.8 ± 1.6% (P < 0.001). The magnitude of vasoconstriction
appeared graded with the number of consecutive MSNA bursts; while individual burst size only
had a mild influence. Neither PHEN nor PHEN+ANG infusions affected the initial rise in FVC,
but both infusions significantly attenuated the subsequent decrease in FVC (–2.1 ± 0.7% and
–0.7 ± 0.8%, respectively; P < 0.001 vs. normal saline). These findings indicate that spontaneous
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MSNA bursts evoke robust beat-by-beat decreases in FVC that are exclusively mediated via
α-adrenergic receptors.
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Introduction

Peripheral vascular responses to changes in muscle
sympathetic nerve activity (MSNA) are critical for the
effective regulation of arterial blood pressure (Fadel,
2008; Kiviniemi et al. 2011). Numerous studies have
demonstrated that the human forearm vasculature
significantly constricts in response to robust elevations
in reflex-mediated MSNA (Lundvall & Edfeldt, 1994;
Davy et al. 1998; Minson et al. 2000; Ray &
Monahan, 2002). However, to our knowledge, no
information is available describing the influence of
spontaneously occurring MSNA on forearm vaso-
constrictor responses. Unquestionably, sympathetic vaso-
constriction at rest has an important role in forearm
vascular tone because local infusion of phentolamine (a
non-specific α-adrenoreceptor antagonist) significantly
increases vascular conductance (Dinenno et al. 2002;
Johansson et al. 2002). However, MSNA during normal
resting conditions is not ‘all or none’; instead there is wide
variability in both burst pattern and amplitude among
young healthy individuals (Sundlof & Wallin, 1977; Fagius
& Wallin, 1993; Joyner et al. 2010). Thus, it is still not
known whether spontaneous oscillations in resting MSNA
are able to induce consistent and meaningful changes in
forearm vascular conductance (FVC).

A potential impediment to the ability of spontaneously
occurring MSNA bursts to induce vasoconstriction is
the complex milieu of vasoactive compounds acting to
regulate resting vascular tone in the forearm circulation
(Vanhoutte et al. 1981). In addition to adrenergic
mechanisms (Dinenno et al. 2002), forearm basal tone
depends upon the equilibrium of influences from vaso-
constrictor substances such as angiotensin II (ANGII)
(Saris et al. 2000), vasopressin and endothelin 1 (Cardillo
et al. 1999) as well as vasodilator substances such as nitric
oxide (Rosenmeier et al. 2003) and endothelium-derived
hyperpolarizing factors (Ozkor et al. 2011). Importantly,
vasodilator mechanisms have been shown to interact
with varying degrees of sympathetic nerve activation
to attenuate its normal vasoconstrictor effects (Kurjiaka
& Segal, 1995). This interaction may be particularly
influential for vascular beds such as the forearm, which
has been shown to exhibit preferential responsiveness

to vasodilator compounds (Newcomer et al. 2004).
However, whether basal vasoactive mediators offset the
potential vasoconstriction of spontaneously occurring
MSNA bursts has not been tested under resting conditions.

With this background in mind, the purpose of the
current study was to comprehensively examine the
influence of spontaneous MSNA bursts on forearm
vasculature. To do this, we first examined beat-by-beat
sympathetic vascular transduction at rest in the forearm,
as characterized by the spike-triggered changes in FVC
following spontaneously occurring MSNA bursts. We
then determined the extent to which local α-adrenergic
receptor-mediated pathways contribute to observed FVC
responses.

Methods

Subjects

A total of 22 young healthy men (age; 25 ± 1) volunteered
to participate in two separate experimental protocols (19
subjects in protocol 1; seven subjects in protocol 2). Four
subjects participated in both protocols. Subjects provided
written informed consent and underwent a standard
screening, including a health history questionnaire. All
participants were healthy, non-obese, non-smokers and
were not taking any medications. All subjects were
recreationally active, engaging in low to moderate physical
activity and none were competitively training. All study
protocols were approved by the University of Missouri
Health Sciences Institutional Review Board and were
performed according to the Declaration of Helsinki. Sub-
jects were instructed to report to the laboratory after an
overnight fast and refrain for at least 12 h from exercise and
caffeine.

General experimental measurements

Beat-by-beat changes of arterial blood pressure
were measured from the left middle finger using
a servo-controlled finger photoplethysmograph
(Finometer; Finapres Medical Systems, Amsterdam,
the Netherlands) with absolute values verified using an
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automated sphygmomanometer (Welch Allyn, Skaneatles
Falls, NY, USA). Heart rate was measured via a lead
II electrocardiogram (ECG; Quinton Q710, Bothell,
WA, USA). Respiratory movements were detected with
a strain-gauge pneumograph secured to the abdomen
(Pneumotrace; UFI, Morro Bay, CA, USA).

Multiunit postganglionic MSNA was recorded using
standard microneurographic techniques, as previously
described (Vallbo et al. 1979; Padilla et al. 2010; Vianna
et al. 2012; Fairfax et al. 2013). Briefly, a tungsten
microelectrode was placed into the peroneal nerve near
the left fibular head. Signals were amplified, filtered
(bandwidth; 0.7–2.0 kHz), rectified and integrated (0.1 s
time constant) to obtain mean voltage neurograms.
MSNA was identified by the presence of spontaneous
bursts with characteristic pulse synchronicity and by
its responsiveness to end-expiratory breath holds, but
not to arousal or skin stimulation. Previous studies
have demonstrated synchronous outflow of MSNA burst
activity throughout the skeletal muscle vasculature, being
equivalent between contralateral limbs (Wallin et al. 1994)
as well as between the arm and leg (Rea & Wallin, 1989;
Lott et al. 2009). MSNA was quantified over the entire
recording period as burst frequency (bursts min−1) and
burst incidence (bursts·100 cardiac cycles−1). In addition,
to account for variations in burst height, MSNA burst
amplitudes were expressed as a percentage of the three
largest bursts (assigned a mean value of 100 arbitrary units;
AU) during the recording.

Brachial artery diameter and blood velocity were
measured via duplex Doppler ultrasound, as previously
described in detail by our laboratory (Padilla et al. 2011;
Simmons et al. 2011). Briefly, the brachial artery was
imaged longitudinally in the distal third of the upper
arm with a high-resolution ultrasound system (Logiq P5;
GE Medical Systems, Milwaukee, WI, USA). Diameter
and velocity were continuously and simultaneously
measured using a 12 MHz linear array transducer probe in
pulsed-wave mode operating at a frequency of 5 MHz and
insonation angle of 60◦. Measurements were performed
with the sample volume encompassing the entire vessel
lumen, but not extending beyond it. To ensure acquisition
of stationary images, the arm was secured at heart level
over a vacuum pillow and the transducer was stabilized
using a custom-designed clamp. Skin markings were used
to verify that transducer placement was kept constant
throughout the study.

Experimental protocols

Protocol 1: Characterization of forearm vascular
conductance responses following muscle sympathetic
nerve activity bursts. To determine the extent to
which spontaneous bursts of MSNA evoke changes in
FVC, all experimental measurements were continuously

recorded during supine rest in 19 young healthy
men. Before initiation of data collection, all measures
were monitored for 10 min to ensure stability and
suitability for analysis. Subsequently, all measurements
were continuously recorded for 20–35 min, while the
subject lay resting quiet and awake to determine the
spike-triggered average changes following spontaneously
occurring MSNA bursts.

Protocol 2: Role of α-adrenergic receptors in mediating
forearm vascular conductance responses. To determine
the α-adrenergic receptor contribution to changes in
FVC following spontaneous MSNA bursts, experimental
measurements were repeated in seven men during three
sequential 20 min steady-state intra-arterial infusion
conditions: Saline control (SAL); phentolamine (PHEN),
to produce α-adrenergic blockade; and co-infusion
of PHEN and ANGII (PHEN+ANGII), to produce
α-adrenergic blockade and control for the elevation in
resting blood flow from PHEN alone.

For this protocol, a 20 gauge, 5 cm (Model RA-04020,
Arrow International, Reading, PA, USA) catheter was
placed into the brachial artery of the non-dominant
arm under aseptic conditions following local anaesthesia
(2% lidocaine). The catheter was coupled to a three-port
connector system: one port was linked to a pressure
transducer (Deltran II, Utah Medical, Midvale, UT,
USA; BP Amp, ADInstruments, Colorado Springs, CO,
USA), and the remaining two ports were used for drug
administration. An additional 30 min recovery period
was provided following catheterization to permit full
restoration of resting cardiovascular variables before
initiating data collection. A continuous 2 ml h−1 SAL flush
ensured patency of the arterial catheter line.

Before commencement of steady-state infusions, each
subject’s responsiveness to noradrenaline (Hospira, Lake
Forest, IL, USA) at 20, 40 and 80 ng dl−1 min−1 was
assessed to determine an adequate dosage to challenge
α-adrenergic blockade. In addition, ANGII responsiveness
to 6.25, 12.5 and 25 ng dl−1 min−1 was also assessed to
approximate the dose needed to restore forearm blood flow
(FBF) to resting values after PHEN infusion. Drugs were
infused intra-arterially for 2 min per dose at increasing
rates until the decrease in FBF reached a plateau. Drug
administration was normalized per dl of forearm volume
(12.4 ± 0.5 dl), as determined on a previous day via
dual-energy X-ray absorptometry (Hologic QDR 4500A,
Bedford, MA, USA). In most cases, the highest dose was
not used due to robust vasoconstriction to middle doses of
noradrenaline and ANGII. A minimum 10 min recovery
period was used between each drug administration to
allow for restoration of resting FBF.

Following dose–responses, MSNA was acquired and
the extent to which spontaneous bursts of MSNA evoke
changes in FVC was assessed during sequential 20 min

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



3640 S. T. Fairfax and others J Physiol 591.14

steady-state infusions. Normal (0.9%) SAL was infused
at a 2 ml min−1 infusion rate and was always performed
first due to the >2 h elimination half-life of PHEN
(Moore et al. 2008). Subsequently, PHEN (Oraverse,
Septodont, Louisville, CO, USA) was infused for an initial
5 min period at 10 μg dl−1 min−1 to induce α-adrenergic
blockade, after which the dose was decreased to a
maintenance level of 5 μg dl−1 min−1 for the duration
of the PHEN recording period (Casey et al. 2012;
Barrett-O’Keefe et al. 2013). At the end of PHEN
infusion, α-adrenoreceptor blockade was challenged with
a 40 ng dl−1 min−1 noradrenaline infusion for 2 min.
Finally, ANGII was co-infused at 12.5 ng dl−1 min−1 with
PHEN (continued at 5 μg dl−1 min−1) and measurements
began once FBF decreased to values similar to SAL.

Data analysis

Longitudinal Doppler ultrasound brachial artery images
with corresponding blood velocity waveforms were
acquired at 30 Hz into a custom Labview program.
The video output (640 × 480 pixels) of the Doppler
ultrasound machine was transmitted through a PCI-1411
video card (National Instruments, Austin, TX, USA).
These video images from the ultrasound machine were
embedded into an AVI file as data streams (33 points
per image) together with ECG trigger pulses, arterial
blood pressure waveforms and MSNA. Custom-designed
edge detection and wall tracking software (LabVIEW;
National Instruments), previously validated and described
in detail (Padilla et al. 2011; Simmons et al. 2011;
Fairfax et al. 2013), were used to determine beat-by-beat
arterial diameters and Doppler velocities offline. Diameter
and blood velocity measurements were used to calculate
FBF as V m·π·((D/2)2)·60 and FVC as FBF/MAP
(ml min−1 mmHg−1); where V m is mean blood velocity
(cm s−1), D is arterial diameter (cm) and MAP is mean
arterial pressure (mmHg).

Stroke volume values were estimated using Modelflow
R©

software (Dyson et al. 2010; Kim et al. 2012), and
aligned with LabVIEW program output via changes in
cardiac interval. Cardiac output (CO) was estimated as
the product of heart rate and stroke volume. Total vascular
conductance (TVC) was calculated as CO divided by MAP.
MAP was calculated as the integral of the arterial blood
pressure waveform.

To characterize beat-by-beat sympathetic vascular
transduction, spike-triggered averaging was used as pre-
viously described by our laboratory (Vianna et al. 2012;
Fairfax et al. 2013). Briefly, for the 15 cardiac cycles
following each MSNA burst, the percentage change in
FVC (relative to the value of FVC during the burst) was
calculated. Each MSNA burst was examined regardless of
its proximity to other bursts. The average beat-by-beat

percentage changes in FVC following all MSNA bursts
were assessed for each subject and group mean changes
were then determined. The peak or nadir of this mean
response was used to provide an estimate of the overall
vascular response, while the entire 15 heartbeat period
was characterized beat-by-beat to provide a more detailed
evaluation of the time course and magnitude of the
responses. Conversely, to assess FVC responses in the
absence of MSNA, the average beat-by-beat percentage
changes in FVC following each heartbeat without an
MSNA burst (i.e. non-bursts) was also assessed. These
analyses were also performed on systemic cardiovascular
variables: MAP, CO and TVC.

Because spontaneous MSNA bursts may occur in iso-
lation or in consecutive sequence with other MSNA
bursts, we examined the effect of burst patterning on
the magnitude of FVC response. All MSNA bursts
were segregated into four categories, each separated
by ≥1 heartbeats lacking MSNA: singlet bursts (any
isolated burst), couplet bursts (consecutive series of
two bursts), triplet bursts (three consecutive bursts)
and quadruplet bursts (any consecutive group of ≥4
bursts). The percentage beat-by-beat changes in FVC were
calculated following every burst belonging to a given
pattern and average responses were determined for each
pattern. Additionally, the effect of normalized burst size
on FVC response magnitude was determined. For this
analysis, MSNA bursts were ranked by height and divided
equally into four quartiles (Q1–Q4; smallest to largest),
independent of burst pattern. The average percentage
changes in FVC following every MSNA burst of a particular
quartile were then calculated for each subject and a group
mean was determined.

To assess the combined effect of varied burst pattern
and size together, spontaneous MSNA was analysed as
clusters of activity (Fairfax et al. 2013). Burst clusters
were defined as any bursting activity separated on each
side by ≥1 cardiac cycle(s) lacking MSNA. Clusters were
first segregated into four groups, similar to burst patterns:
singlet clusters (one isolated burst), couplet clusters (two
consecutive bursts), triplet clusters (three consecutive
bursts) and quadruplet clusters (≥4 consecutive bursts).
Next, all clusters in a group were ranked by their sum of
burst heights and then divided equally into four quartiles.
Accordingly, a total of 16 MSNA cluster categories were
assigned (four cluster groups, four quartiles each). Each
cluster was considered a single event and thus, percentage
changes in FVC were calculated from the first burst of each
cluster (not the average change following each burst in the
cluster).

To remove any systematic relationship with MSNA
occurrence, a white noise sampling of randomly selected
cardiac cycles was followed for 15 heartbeats to calculate
percentage changes in FVC. The number of cardiac cycles
chosen for white noise was matched to each subject’s
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MSNA burst count, keeping the number of observations
consistent within a subject.

Statistical analysis

Statistical analyses were performed using Sigmastat
(version 3.0). Comparisons between burst pattern, size
and cluster amplitude were considered using two-way
repeated-measures ANOVA to test for differences between
cardiac cycles, between conditions and for interaction
between condition and cardiac cycles. A one-way ANOVA
tested for differences between peak responses and between
mean steady-state values among infusion conditions.
Pearson correlations assessed the relationship between
nadir changes in FVC and total amplitude of each MSNA
burst cluster. Post hoc differences were determined using
the Student–Neuman–Keuls test, comparing responses
against the white noise control changes when appropriate.
Significance was set a priori at P < 0.05 and data are
expressed as means ± S.E.

Results

Protocol 1: Characterization of forearm vascular
conductance responses following muscle sympathetic
nerve activity bursts

Table 1 presents average values for cardiovascular, MSNA
and brachial artery measurements during the entire
resting period. Information regarding the number and
distribution of individual MSNA bursts and MSNA
clusters used for spike-triggered averaging over the same
period is provided in Table 2.

Effect of muscle sympathetic nerve activity burst
occurrence on forearm vascular conductance. Figure 1
presents beat-by-beat percentage changes in FVC
following: all MSNA bursts; cardiac cycles lacking MSNA;
and randomly selected white noise. Interestingly, during
the first two heartbeats following all MSNA bursts,
FVC significantly increased (+1.32 ± 0.31%, P < 0.05).
However, after this rise, FVC significantly decreased,
changing from 1.51 ± 0.20 ml min−1 mmHg−1 to a sub-
sequent nadir of 1.44 ± 0.19, representing a −4.3 ± 0.8%
reduction following all MSNA bursts (P < 0.001). In
contrast, cardiac cycles without MSNA (non-bursts) were
followed by a delayed and significant increase in FVC,
changing from 1.41 ± 0.17 ml min−1 mmHg−1 to a sub-
sequent peak of 1.43 ± 0.17; a +1.8 ± 0.4% peak increase
(P < 0.001). Importantly, following the randomly selected
white noise, FVC demonstrated only inconsistent and
insignificant (P > 0.05) changes.

Effect of muscle sympathetic nerve activity burst pattern
on forearm vascular conductance. Figure 2A displays
beat-by-beat percentage changes in FVC following four
MSNA burst patterns to account for variations in
consecutive burst number. FVC following singlet bursts
did not significantly decrease (P = 0.28). Couplet bursts
were followed by a significant decrease in FVC, changing
from 1.52 ± 0.21 ml min−1 mmHg−1 to 1.45 ± 0.21, and
representing a −4.6 ± 1.3% nadir (P < 0.05). FVC also
significantly decreased following triplet bursts, reducing
from 1.65 ± 0.23 ml min−1 mmHg−1 to 1.52 ± 0.25; a
nadir of −9.5 ± 1.6% (P < 0.05). Compared to triplet
bursts, quadruplet bursts (≥4 consecutive bursts) were
associated with a similar nadir decrease in FVC of
−8.0 ± 1.4% (P = 0.76 vs. triplet). Overall, the influence
of MSNA burst patterning was graded with FVC nadir
magnitudes in that longer (triplet and quadruplet)
patterns were associated with significantly greater FVC
decreases relative to shorter (both singlet and couplet)
patterns (Fig. 3).

Effect of muscle sympathetic nerve activity burst size on
forearm vascular conductance. Figure 2B demonstrates
beat-by-beat changes in FVC following four quartiles of
MSNA burst size to assess the influence of individual
burst amplitudes on FVC responses, independent of the
influence from patterns. All quartiles of MSNA burst
height were associated with significant decreases in FVC
(P < 0.05). FVC following the smallest 25% of all MSNA
bursts (Q1) decreased to a −4.3 ± 0.8% nadir (P < 0.001).
FVC changes following Q2 and Q3 MSNA bursts were
similar to Q1, resulting in nadirs of −3.5 ± 0.9% and
−5.0 ± 1.1%, respectively. The largest 25% of all MSNA
bursts were followed by the greatest decreases in FVC,
exhibiting a significantly greater reduction (−7.0 ± 1.3%;
P < 0.05) than Q2 and Q1 MSNA bursts (Fig. 3).

Effect of muscle sympathetic nerve activity bursts
on systemic cardiovascular variables. To evaluate the
broad influences of MSNA, we additionally evaluated
spike-triggered changes in systemic cardiovascular
variables following MSNA bursts. Figure 4 demonstrates
the average beat-by-beat changes in MAP, CO and
TVC following all MSNA bursts. MAP gradually
increased following all MSNA bursts, reaching a peak
of +3.1 ± 0.4% (P < 0.05). This was associated with a
brief rise in CO, attaining a +1.2 ± 0.3% peak (P < 0.05)
during the second cardiac cycle and then quickly returning
to baseline. Subsequently, TVC substantially decreased
following MSNA bursts, reaching a nadir of –3.5 ± 0.4%
(P < 0.05), which occurred in association with the peak
increase of MAP. Similar to FVC, following non-bursting
cardiac cycles TVC and MAP significantly increased
exhibiting directionally opposite responses compared to
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Table 1. Resting average neurocardiovascular measurements (protocol 1)

Cardiovascular measurements Vascular and neural measurements

SBP (mmHg) 125 ± 3 FBF (ml min−1) 109.4 ± 10.3
DBP (mmHg) 71 ± 2 FVC (ml min−1 mmHg−1) 1.22 ± 0.10
MAP (mmHg) 90 ± 2 Burst frequency, 18 ± 2
HR (bpm) 60 ± 2 Bursts min−1

CO (l min−1) 6.7 ± 0.3 Burst incidence, 30 ± 3
TVC (ml min−1 mmHg−1) 74.7 ± 3.8 Bursts 100 heart beats−1

Values are means ± S.E. CO, cardiac output; DBP, diastolic blood pressure; FBF, forearm blood flow; FVC, forearm vascular conductance;
HR, heart rate; MAP, mean arterial blood pressure; SBP, systolic blood pressure; TVC, total vascular conductance.

Table 2. Muscle sympathetic nerve activity burst distribution
(protocol 1)

Count Range Percentage

All bursts 408 ± 49 (75–881) 100 ± 0%
Singlet bursts 169 ± 21 (58–406) 45 ± 4%
Couplet bursts 132 ± 16 (16–322) 32 ± 2%
Triplet bursts 57 ± 12 (0–237) 13 ± 2%
Quadruplet bursts 50 ± 17 (0–325) 10 ± 2%
Singlet clusters 169 ± 21 (58–406) 59 ± 3%
Couplet clusters 66 ± 8 (8–161) 29 ± 2%
Triplet clusters 19 ± 4 (0–79) 9 ± 1%
Quadruplet clusters 10 ± 3 (0-65) 4 ± 1%

Values are means ± S.E.

those after MSNA bursts (data not shown). Additionally,
no significant changes in any systemic cardiovascular
variable were observed following the white noise control.

Protocol 2: Role of α-adrenergic receptors in
mediating forearm vascular conductance responses

Table 3 displays the average cardiovascular measurements
for the entire duration of each forearm infusion condition.
MSNA burst frequency, burst incidence, and burst number
and distribution were similar among infusion conditions
and protocol 1. As expected, PHEN infusion significantly
increased FBF and FVC (P < 0.05) compared to SAL
infusion without affecting MAP or heart rate (P > 0.05).
Noradrenaline challenge at the end of PHEN infusion
did not significantly lower FBF (216 ± 37 ml min−1 vs.
203 ± 30; −4 ± 3%, P > 0.05), whereas the same dose
of noradrenaline before PHEN infusion substantially
lowered FBF (132 ± 26 ml min−1 vs. 44 ± 19; −70 ± 3%,
P < 0.05), confirming the achievement of α-adrenergic
blockade. Additionally, co-infusion of PHEN+ANGII
successfully returned resting FBF close to that measured
during SAL infusion (P > 0.05). Hence, our primary
experimental condition (PHEN+ANGII) successfully
matched the resting FBF of our control condition
and abolished α-adrenergic receptor function. Similar

conclusions were reached when comparing ANOVA results
between SAL vs. PHEN and SAL vs. PHEN+ANGII.
Thus, only PHEN+ANGII results are presented to
avoid redundancy and provide the best physiological
comparison to SAL.

Effect of α-adrenergic blockade on sympathetic
vascular transduction

Figure 5 shows the beat-by-beat changes in FVC
following: all MSNA bursts; cardiac cycles without
MSNA; and white noise during SAL and PHEN+ANGII
infusions. FVC significantly decreased following all
MSNA bursts during SAL infusion (Fig. 5A), reaching a
nadir of −5.8 ± 1.6% (P < 0.05). In comparison, during
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Figure 1. Summary data of beat-by-beat percentage changes
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sympathetic nerve activity bursts (filled circles), non-bursts
(filled triangles) and white noise (open squares)
Brackets denote significant difference from percentage changes in
white noise. Values are means ± S.E.
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PHEN+ANGII infusion the decline of FVC following all
MSNA bursts was eliminated (Fig. 5B), resulting in an
insignificant –0.6 ± 0.8% nadir (P>0.05). A significant
attenuation of these responses by PHEN+ANGII was
also demonstrated when examined by variations in burst
pattern and burst size (Fig. 6: P < 0.05). Interestingly,
the early and significant increase in FVC (+3.3 ± 0.3%)
observed during the first few cardiac cycles following all
variations of MSNA during SAL infusion was unaffected
by PHEN+ANGII (+3.2 ± 0.4%; P>0.05 vs. SAL). To
characterize fully the influence of spontaneous MSNA
bursts on FVC responses, the linear relationship between
nadir changes in FVC following various MSNA burst
clusters and the total amplitude contained within each
corresponding cluster was compared during SAL and
PHEN+ANGII infusions (Fig. 7). During SAL infusion,
individual correlations between nadir FVC responses
and total cluster size indicated a significant negative
linear relationship (r = –0.38 ± 0.8; P < 0.05) that was
abolished (r = +0.06 ± 0.2; P>0.05) by PHEN+ANGII
infusion.

Discussion

There are several novel findings from the current study.
First, we demonstrated that spontaneously occurring

MSNA bursts are systematically followed by biphasic
changes in FVC as characterized by an immediate,
brief and mild increase and then subsequently a robust
decrease. The magnitude of the vasoconstrictor portion
appeared graded with the preceding MSNA burst pattern
(number of consecutive bursts) and cluster size (sum
of consecutive MSNA activity), while burst size (height
of individual bursts) appeared to only mildly influence
the degree of vasoconstriction. Second, the decreases in
FVC following spontaneous MSNA bursts were abolished
by α-adrenergic blockade. Interestingly, the vasodilator
portion of the biphasic response was unchanged with
α-adrenergic blockade, indicating that α-adrenergic
receptor function has no role in this particular element
of the response. Lastly, FVC systematically rose following
heartbeats without MSNA, further highlighting the
temporal coupling of spontaneous MSNA and changes in
vascular tone. Collectively, these results demonstrate that
oscillations in spontaneous MSNA exert graded forearm
vasoconstriction via α-adrenergic receptors in healthy
young men.

We initially suspected that the presence of
competing vasodilators and greater forearm vasodilator
responsiveness (Newcomer et al. 2004) in combination
with relatively modest responsiveness to α-adrenergic
agonists (Pawelczyk & Levine, 2002) compared to the leg
might obscure the ability of spontaneous MSNA bursts
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Figure 2. Summary data of beat-by-beat percentage changes in forearm vascular conductance (FVC)
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to evoke measurable vasoconstriction in the forearm.
Although the degree of vasoconstriction following MSNA
in the forearm was less than previously demonstrated
in the leg (Fairfax et al. 2013), we observed significant
forearm vasoconstrictor responses as well as efficient
modulation of the magnitude of vasoconstriction by
the natural variability in MSNA. Importantly, we also
demonstrated that local α-adrenergic receptor function
was necessary to mediate the decreases in FVC following
spontaneous MSNA bursts. This strongly suggests that
increased transmission of noradrenaline across the
synaptic cleft causes the grading of FVC responses
observed with changes in MSNA burst pattern, size
and clustering. We speculate that each of these bursting
variants are unique features by which the central
nervous system can modulate the rate and amount of
noradrenaline released (Esler et al. 1985; Kahan et al.
1988; Ninomiya et al. 1993) to permit in turn a variety
of durations and strengths of ensuing vascular responses.
Interestingly, burst size appeared to be the mildest
effector of the degree of vasoconstriction with only
the largest quartile (biggest MSNA bursts) resulting in
greater vasoconstriction (Fig. 3). This result is in contrast
to the more graded effect of burst size in a previous
study examining beat-by-beat sympathetic vascular trans-
duction in the leg (Fairfax et al. 2013). The reason for these
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∗P < 0.05 vs. singlet patterns or Q1 bursts, respectively. Values are
means ± S.E. MSNA, muscle sympathetic nerve activity.

differences is unclear but may have to do with the lower
α-adrenergic receptor sensitivity in the arm compared to
the leg (Pawelczyk & Levine, 2002). In this regard, it is
plausible that it is not until α-receptors are exposed to a
greater noradrenaline release associated with the largest
bursts of MSNA that ensuing forearm vasoconstriction is
augmented.

The white noise control condition strengthens our main
findings by capitalizing on the specificity of spike-triggered
averaging. Indeed, when the same data set was re-evaluated
by scrambling the position of each white noise ‘burst’,
we never identified any consistent changes in FVC, sub-
stantiating the significant responses observed following
actual MSNA bursts. However, from the current data
set, we cannot completely rule out the possibility that
background vasodilator compounds may be restraining
the magnitude of the observed forearm vasoconstrictor
responses to spontaneous MSNA bursts. Although this
question is of interest, it is beyond the scope of this study.
Indeed, the purpose of our study was to examine the vaso-
constrictor responses to unprovoked MSNA within the
‘normal’ milieu of vasoactive compounds in the forearm.

The early ‘dilator’ portion of the biphasic FVC response
is intriguing because to our knowledge, there is no pre-
cedent for a systematic vasodilation to occur in synchrony
with MSNA bursts in humans. Furthermore, this element
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Table 3. Average neurocardiovascular measurements during forearm infusions (protocol 2)

SAL PHEN PHEN + ANGII

MAP (mmHg) 93 ± 4 95 ± 4 100 ± 5
HR (bpm) 61 ± 3 64 ± 2 65 ± 2
TVC (ml min−1 mmHg−1) 69 ± 6 74 ± 5 71 ± 8
FBF (ml min−1) 110.9 ± 13.8 251.3 ± 33.9∗ 149.7 ± 16.5
FVC (ml min−1 mmHg−1) 1.17 ± 0.11 2.59 ± 0.30∗ 1.51 ± 0.16
Burst frequency (bursts min−1) 18 ± 3 20 ± 2 21 ± 2
Burst incidence (Bursts 100 heart beats−1) 30 ± 6 32 ± 4 33 ± 4

Values are means ± S.E. ∗P < 0.05 vs. SAL. FBF, forearm blood flow; FVC, forearm vascular conductance; HR, heart rate; MAP, mean
arterial pressure; SAL, saline infusion; TVC, total vascular conductance.

of the vascular response is essentially absent from our pre-
viously published work in the leg (Fairfax et al. 2013).
Nevertheless, its consistency and magnitude suggests that
a genuine physiological event underlies this phenomenon.
Although the exact mechanism for this unexpected early
rise in FVC is unknown, there are several possible factors
that warrant discussion.

(1) Arterial blood pressure has been shown to decrease
∼2 s before isolated MSNA bursts (Diedrich et al. 2013),
providing a stimulus not only for the arterial baroreceptors
to evoke MSNA bursts, but also for a possible myogenic
dilation to occur in forearm vascular smooth muscle
(Davis, 2012). Because myogenic responses occur much
faster than adrenergic vasoconstriction, the fall in arterial
blood pressure may set in motion myogenic vasodilation

to produce the immediate rise in FVC. Subsequently,
following a brief latency of two to three heartbeats to
allow α-adrenergic receptor activation, ensuing vaso-
constriction leads to a robust lowering of FVC.

(2) It is also plausible, despite the lesser affinity for
β- versus α-adrenergic receptors, that the noradrenaline
released with spontaneous MSNA bursts results in
β-adrenergic vasodilation (Hart et al. 2011); however, the
rapidity of the increase in FVC makes this unlikely.

(3) The early elevation in cardiac output may also
contribute (Fig. 4), but as a prominent rise was not
observed in the femoral artery following MSNA bursts
this possibility is less likely (Fairfax et al. 2013).

(4) Likewise, although the inherent delay of transducing
sympathetic action potentials into a vascular response may
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allow vascular conductance to increase before it decreases,
this delay would also be expected to cause a rise in
femoral artery conductance after MSNA bursts but was not
present.

(5) Lastly, it is possible that a still unknown stimulus
may activate vasodilator pathways in synchrony with
MSNA bursts. Nevertheless, despite the number of
possible mechanisms regarding the immediate dilator
portion of the FVC response, we can conclude with
certainty that α-adrenergic mechanisms are not involved
because this element remained unchanged following
α-adrenergic blockade.

The differences in our current findings of beat-by-beat
sympathetic vasoconstriction in the forearm compared
to our previous observation of leg vascular conductance
following MSNA bursts (Fairfax et al. 2013) warrants
consideration. First, in the forearm, a biphasic response
pattern was consistently observed following all variations
of MSNA, whereas this was not observed in the leg.
This complex morphology of FVC changes required
α-adrenergic blockade to determine if it was of
sympathetic origin. We found that the decrease in
FVC following MSNA bursts was completely due
to α-adrenergic mechanisms; whereas the initial rise
was unaffected. Thus, we provide novel evidence
demonstrating, for the first time, heterogeneity in the
beat-by-beat vascular conductance responses after MSNA
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Figure 6. Group data during forearm infusions showing
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bursts between limbs. Furthermore, the peak decrease
in FVC following all MSNA bursts reported in the pre-
sent study is significantly less than the decrease in leg
vascular conductance after MSNA bursts (Fairfax et al.
2013) suggesting that beat-by-beat sympathetic vaso-
constrictor responsiveness differs between limbs. These
findings are in agreement with previous work using
steady-state pharmacological interventions (Pawelczyk &
Levine, 2002). Overall, our findings demonstrate that
vascular responses to spontaneous MSNA bursts in
the arm cannot be extrapolated to the leg and vice
versa.

Another important finding of our study was that
FVC consistently increased after non-bursting cardiac
cycles: illustrating the significance of MSNA bursts
for maintaining forearm vascular tone. Indeed, rather
than demonstrating a blunted or absent vasoconstrictor
response, a robust vasodilation was observed. Inter-
estingly, the increase in FVC following non-bursts was
abolished with local α-adrenergic blockade, suggesting
that α-adrenergic function is an important contribution to
this phenomenon. In association with FVC, TVC and MAP
also increased following non-bursts (data not shown).
Together, these results support a role for resting MSNA
in the short-term maintenance of vascular tone and
blood pressure. Indeed, even among young healthy men
during supine rest, perhaps the model least demanding
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regression between MSNA burst clusters and nadir
percentage changes in forearm vascular conductance
Filled circles show forearm vascular conductance responses during
saline infusion, and open circles show responses during
phentolamine+angiotensin II co-infusion (α-adrenergic blockade).
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of sympathetic support, it appears that recurring MSNA
is essential to maintain cardiovascular homeostasis. It
is probable that any increased reliance on sympathetic
mechanisms, such as augmented autonomic support with
healthy ageing (Jones et al. 2001) or during adaptation to
cardiovascular stress (Jordan et al. 2002), would manifest
with an amplified increase in FVC following non-bursts.
Previous evidence from our laboratory (Vianna et al.
2012) demonstrating augmented TVC increases following
non-bursting heart beats in healthy older individuals lends
support to this proposition. In this regard, the assessment
of signal-averaged MSNA bursts and non-bursts provides
a practical non-invasive index of sympathetic support of
vascular tone and blood pressure for studies in healthy and
diseased populations.

In summary, we have determined that FVC changes
to spontaneously occurring MSNA bursts follow a
biphasic response characterized by an immediate,
brief and mild increase and then subsequently a
robust decrease. The decreases following spontaneous
MSNA bursts were mediated by α-adrenergic receptor
mechanisms, providing physiological insight into
beat-to-beat sympathetic vasoconstrictor action under
basal conditions. These sympathetically mediated forearm
vasoconstriction responses occur in synchrony with
systemic cardiovascular changes, indicating that skeletal
muscle vascular responses are integral to the regulation
of resting cardiovascular haemodynamics. However,
beat-by-beat vascular conductance responses after MSNA
bursts are heterogeneous between limbs with biphasic
changes and smaller decreases in the arm compared
to the leg (Fairfax et al. 2013). Collectively, these
results indicate that spontaneous MSNA bursts are
capable of evoking robust beat-by-beat α-adrenergic
receptor-mediated decreases in FVC that are graded to
the natural variations in MSNA.
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