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Exercise training augments neuronal nitric oxide
synthase-mediated inhibition of sympathetic
vasoconstriction in contracting skeletal muscle of rats
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Faculty of Physical Education and Recreation, University of Alberta, Edmonton, AB, T6G 2H9, Canada

Key points

� Sympathetic nervous system activity causes tonic vasoconstriction in resting and contracting
skeletal muscle. Nitric oxide (NO) has been shown to inhibit sympathetic vasoconstriction.

� NO derived from both the neuronal and endothelial isoforms of NO synthase (NOS) has been
shown to contribute to the inhibition of sympathetic vasoconstriction.

� Our laboratory recently demonstrated that exercise training augmented NO-dependent
inhibition of sympathetic vasoconstriction. However, the NOS isoform responsible for the
increase in NO-mediated inhibition of sympathetic vasoconstriction following exercise training
has not been established.

� The present findings demonstrate that exercise training improves neuronal NOS-mediated
inhibition of sympathetic vasoconstriction in contracting skeletal muscle.

Abstract We tested the hypothesis that exercise training would increase neuronal nitric oxide
synthase (nNOS)-mediated inhibition of sympathetic vasoconstriction in resting and contracting
skeletal muscle. Sprague–Dawley rats (n = 18) were randomized to sedentary or exercise-trained
(40 m min−1, 5° grade; 5 days week−1 for 4 weeks) groups. Following completion of sedentary
behaviour or exercise training, rats were anaesthetized and instrumented with a brachial artery
catheter, femoral artery flow probe and stimulating electrodes on the lumbar sympathetic chain.
The percentage change of femoral vascular conductance (%FVC) in response to sympathetic
chain stimulations delivered at 2 and 5 Hz was determined at rest and during triceps surae muscle
contraction before (control) and after selective nNOS blockade with S-methyl-L-thiocitrulline
(SMTC, 0.6 mg kg−1, I.V.) and subsequent non-selective NOS blockade with L-NAME (5 mg kg−1,
I.V.; SMTC + L-NAME). At rest, sympathetic vasoconstrictor responsiveness was greater (P < 0.05)
in exercise-trained compared to sedentary rats in control, SMTC and SMTC + L-NAME
conditions. During contraction, the constrictor response was not different (P > 0.05) between
exercise trained (2 Hz: −11 ± 4%FVC; 5 Hz: −21 ± 5%FVC) and sedentary rats (2 Hz:
−7 ± 6%FVC; 5 Hz: −18 ± 10%FVC) in control conditions. SMTC augmented (P < 0.05)
sympathetic vasoconstriction in sedentary and exercise-trained rats; however, sympathetic vaso-
constrictor responsiveness was greater (P < 0.05) in exercise-trained (2 Hz: −27 ± 5%FVC; 5 Hz:
−39 ± 5%FVC) compared to sedentary (2 Hz: −17 ± 6%FVC; 5 Hz: −27 ± 8%FVC) rats during
selective nNOS inhibition. SMTC + L-NAME further augmented (P < 0.05) sympathetic vaso-
constrictor responsiveness by a similar magnitude (P > 0.05) in exercise-trained and sedentary
rats. These data demonstrate that exercise training augmented nNOS-mediated inhibition of
sympathetic vasoconstriction in contracting muscle.
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Introduction

The sympathetic nervous system produces tonic vaso-
constriction in the skeletal muscle vascular bed at rest
and during exercise (Laughlin & Armstrong, 1987; Joyner
et al. 1992; DiCarlo et al. 1996; O’Leary et al. 1997).
Sympathetic vasoconstriction is opposed by local vaso-
dilation and the blunting of vasoconstriction by sub-
stances released from the skeletal muscle and/or end-
othelium (Ohyanagi et al. 1992; Habler et al. 1997;
Thomas & Victor, 1998; Chavoshan et al. 2002; Dinenno
& Joyner, 2004; Jendzjowsky & DeLorey, 2013a). Several
studies have shown that nitric oxide (NO) inhibits
sympathetic vasoconstriction in resting and contra-
cting skeletal muscle (Habler et al. 1997; Thomas &
Victor, 1998; Chavoshan et al. 2002; Dinenno & Joyner,
2004; Jendzjowsky & DeLorey, 2013a,b). The endothelial
(eNOS) and neuronal (nNOS) isoforms of NO synthase
(NOS) are constitutively expressed in skeletal muscle and
the endothelium (Kobzik et al. 1994; Frandsen et al. 1996;
Boulanger et al. 1998; Bachetti et al. 2004) and NO derived
from both nNOS and eNOS has been shown to inhibit
sympathetic vasoconstriction in resting and contracting
muscle (Jendzjowsky & DeLorey, 2013a). However, NO
derived from nNOS appears to make a larger contribution
to the inhibition of sympathetic vasoconstriction during
muscular contraction and may be particularly important
for functional sympatholysis (Jendzjowsky & DeLorey,
2013a).

Our laboratory recently demonstrated that exercise
training improved NO-mediated inhibition of
sympathetic vasoconstriction in resting and contra-
cting skeletal muscle (Jendzjowsky & DeLorey, 2013b).
Exercise training has also been shown to increase the
expression of both eNOS and nNOS enzymes and to
increase NO bioavailability (Sun et al. 1994; Laughlin et al.
2001, 2003; Vassilakopoulos et al. 2003; McConell et al.
2007; Harris et al. 2008). Thus, NO derived from either or
both eNOS and nNOS may be responsible for the greater
NO-mediated inhibition of sympathetic vasoconstriction
following exercise training. However, the effect of exercise
training on NOS isoform-specific blunting of sympathetic
vasoconstriction has not been investigated.

Therefore, the purpose of the present study was to utilize
selective nNOS blockade and subsequent non-selective
NOS blockade to investigate the effects of exercise

training on: (1) nNOS- and eNOS-mediated inhibition
of sympathetic vasoconstriction in resting and contracting
skeletal muscle, and (2) the relative contribution of nNOS-
and eNOS-derived NO to total NO-mediated inhibition
of sympathetic vasoconstriction. It was hypothesized
that exercise training would augment nNOS-mediated
inhibition of sympathetic vasoconstriction in resting and
contracting skeletal muscle.

Methods

Animals and animal care

Male Sprague–Dawley rats (2 months of age) were
obtained from the institutional breeding colony and
housed in pairs in a 12:12 h light–dark cycle,
environmentally controlled (22–24°C, 40–70% humidity)
room. Water and rat chow (Lab Diet 5001; PMI
Nutrition, Brentwood, MO, USA) were freely available.
All experiments were conducted in accordance with the
Canadian Council on Animal Care Guidelines and Policies
with approval from the Animal Care and Use Committee:
Health Sciences for the University of Alberta.

Chronic endurance exercise training

All rats were habituated to the lab and exercise by
walking on a treadmill (Panlab LE8710, Barcelona, Spain)
10 min day−1 for 5 days at 10 m min−1, 0° grade.
Following familiarization, rats were randomly assigned
to a sedentary time-control (n = 8) or heavy-intensity
exercise training (n = 10; 40 m min−1, 5° grade) group.
Exercise-trained rats trained 5 days week−1 for 4 weeks,
while sedentary rats were handled and weighed daily. On
the first training day, exercise-trained rats completed 15×
1 min intervals at 40 m min−1 5° grade interspersed
with rest periods of equivalent duration. Each subsequent
training day, run time was increased while rest time was
maintained. This training progression allowed all rats
in the exercise-trained group to run continuously for
600 m at the prescribed speed and grade within 11 ± 2
days. This training paradigm is regularly used in our
laboratory and has been shown to increase heart mass,
heart mass: body mass ratio, soleus citrate synthase activity
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and endothelium-dependent vasodilation (Jendzjowsky &
DeLorey, 2011, 2012, 2013b).

Instrumentation

Approximately 24 h after the last training session
anaesthesia was induced by inhalation of isoflurane
(3–3.5%, balance O2). During isoflurane anaesthesia, the
right jugular vein was cannulated and anaesthesia was
subsequently maintained by I.V. infusion of α-chloralose
(8–16 mg kg−1 h−1) and urethane (50–100 mg kg−1 h−1)
with a syringe pump. Depth of anaesthesia was assessed
by the stability of arterial blood pressure, heart rate (HR)
and the absence of a withdrawal reflex in response to
painful stimuli (i.e. paw-pinch). Core temperature was
monitored by rectal probe and maintained at 36–37°C by
an external heating pad (TCAT-2; Physitemp, Clifton, NJ,
USA). A tracheotomy was performed to allow spontaneous
breathing of room air. We have previously demonstrated
the maintenance of arterial blood gases and acid–base
status at rest and during contraction in this preparation
(Jendzjowsky & DeLorey, 2013b). Thus, arterial blood
gases and acid–base status were checked periodically
to confirm the maintenance of normal values in these
experiments (PaO2 : 88–95 mmHg; PaCO2 : 39–41 mmHg
pH 7.39–7.42). The left brachial artery was cannulated and
connected to a solid-state pressure transducer (Abbott,
Chicago, IL, USA) for the continuous measurement of
arterial blood pressure. Mean arterial pressure (MAP) and
HR were derived from the arterial blood pressure wave-
form. The left femoral artery and vein were cannulated
for the delivery of drugs. Blood flow was measured in the
right femoral artery using a transit-time flow probe (0.7 V;
Transonic Systems, Ithaca, NY, USA) and flow-meter
(T106; Transonic Systems).

Muscle contraction

The right sciatic nerve was exposed and instrumented
with a cuff electrode. The triceps surae muscle group
was then dissected free of all skin and connective tissue
and attached to a force transducer (Model MLT1030/D;
AD Instruments Colorado Springs, CO, USA) via the
calcaneal tendon. Hind-limb contractions were produced
by electrical stimulation of the sciatic nerve with Chart
software (AD Instruments). Maximal contractile force
(MCF) was determined by stimulation of the triceps
surae muscle group with 25, 1 ms impulses delivered
at 100 Hz, 10× motor threshold. The optimal muscle
length for tension development was determined by
progressively lengthening the muscle and repeating the
nerve stimulation until a plateau in tension (peak – base-
line) was observed. Rhythmic contractions of the triceps
surae muscles at 60% MCF were produced by stimulation

of the sciatic nerve with 0.1 ms pulses at 40 Hz in 250 ms
trains at a rate of 60 trains min−1 at �6× motor threshold.

Lumbar sympathetic chain stimulation

A laparotomy was performed and the aorta and vena cava
were temporarily retracted to attach a bipolar silver-wire
stimulating electrode to the lumbar sympathetic chain
at the L3/L4 Level. The electrodes were embedded and
electrically isolated in a rapidly curing non-toxic silicone
elastomer (Kwiksil; WPI, Sarasota, FL, USA). The electro-
des were used to deliver constant current stimulations
through an isolated stimulator (Digitimer DS3, Welwyn
Garden City, Herts, UK).

Experimental procedures

Following the surgical procedure, a 30 min recovery
period was used to establish baseline haemodynamic
values. The cardiovascular response [change in MAP, HR,
femoral artery blood flow (FBF) and femoral vascular
conductance (FVC)] to sympathetic stimulation was then
determined at rest and during contraction at 60% MCF.
Sympathetic stimulations were delivered for 1 min at 2 and
5 Hz in random order in resting and contracting skeletal
muscle. At rest, sympathetic stimulations were separated
by �2 min of recovery to restore baseline haemodynamic
values. Bouts of muscle contraction were 8 min in duration
and sympathetic stimulations were delivered at 3 and 6 min
after the onset of contraction.

Following data collection under control conditions,
rats were allowed to recover for �20 min and then
the selective nNOS antagonist S-methyl-L-thiocitrulline
(SMTC, 0.6 mg kg−1, I.V.) was injected. Following
stabilization of haemodynamic variables (�20 min)
lumbar sympathetic chain stimulations were repeated
at rest and during skeletal muscle contraction. After
another period of recovery (�20 min) the non-selective
NOS antagonist, Nω-nitro-L-arginine methyl ester hydro-
chloride (L-NAME, 5 mg kg−1, I.V.) was injected.
Following haemodynamic stabilization (�20 min),
lumbar sympathetic chain stimulations were repeated
at rest and during skeletal muscle contraction
(SMTC + L-NAME). We have previously demonstrated
that the cardiovascular response to sympathetic
stimulation and muscle force production are not altered
over time when bouts of contraction are repeated in this
manner (Jendzjowsky & DeLorey, 2013b). The doses of
SMTC and L-NAME used in the present study were selected
based on previous work in our laboratory (Jendzjowsky
& DeLorey, 2013a) and other studies that have shown
effective blockade of nNOS and all NOS isoforms at
similar doses of SMTC (Ichihara & Navar, 1999; Wakefield
et al. 2003; Seddon et al. 2008, 2009) and L-NAME
(Thomas & Victor, 1998). We have also previously shown
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that selective nNOS blockade does not alter the sub-
sequent determination of total NO-mediated inhibition of
sympathetic vasoconstriction with L-NAME (Jendzjowsky
& DeLorey, 2013a). Upon completion of all experiments,
rats were killed with an overdose of anaesthetic (mixture
of α-chloralose and urethane).

Effectiveness of nitric oxide synthase blockade

To assess the effectiveness of selective nNOS and
non-selective NOS blockade, intra-arterial bolus
injections of acetylcholine (ACh; 0.005 μg and 0.1 μg
doses) were administered before and following SMTC
and L-NAME. ACh was injected in small volumes (100 μl)
over �5 s to avoid any flow-mediated vasodilation and
each dose was separated by �5 min. Vehicle injections
delivered in this manner did not alter FBF.

Pharmacology

All drugs were purchased from Sigma-Aldrich (Oakville,
ON, Canada) and dissolved in 0.9% physiological saline.

Western blot analysis

Snap frozen (100–200 mg) soleus, medial gastrocnemius
and lateral gastrocnemius muscles were homogenized
in lysis buffer [20 mM Tris (pH 7.4), 5 mM EDTA,
10 mM sodium pyrophosphate tetrabasic, 100 mM

sodium fluoride, 1% NP-40] containing 1× Halt Protease
Inhibitor Cocktail (Pierce, Rockford, IL, USA). Protein
concentrations were determined by bicinchoninic acid
assay (Pierce). One hundred micrograms of total protein
was separated on a 7.5% SDS-polyacrylamide gel and
then transferred on to nitrocellulose membrane (0.2 μm;
Biorad, Hercules, CA, USA). Membranes were incubated
with antimouse inducible NOS, eNOS or nNOS (1:1000;
BD Transduction Laboratories, Franklin Lakes, NJ,
USA) and rabbit α-tubulin (1:1000; Abcam, Cambridge,
MA, USA). Membranes were subsequently probed with
IRDye R© 800CW donkey antimouse IgG and IRDye R©
680RD donkey antirabbit IgG secondary antibodies
(1:10,000; Li-Cor Biosciences, Lincoln, NE, USA). The
protein bands were detected and quantified by the Li-Cor
Odyssey imager system v3.0. Results were normalized to
α-tubulin.

Data analysis

Data were recorded using Chart data acquisition software
(AD Instruments). Arterial blood pressure and FBF
were sampled at 100 Hz and FVC was calculated. The
change in HR, MAP, FBF and FVC in response to
sympathetic stimulation was calculated as an absolute
change and as a percentage change from the value
preceding the sympathetic stimulation. The magnitude

of sympathetic vasoconstrictor responses to lumbar
chain stimulation was assessed by percentage changes
in FVC because percentage changes in FVC accurately
reflect percentage changes in resistance vessel radius
(Buckwalter & Clifford, 2001; Thomas & Segal, 2004).
The effect of SMTC and L-NAME on the magnitude
of sympathetic vasoconstriction (decrease in %FVC)
was determined by calculating the difference between
sympathetic vasoconstriction achieved during control,
SMTC and SMTC + L-NAME conditions. The increase
in sympathetic vasoconstrictor responsiveness following
treatment with SMTC is a measure of nNOS-mediated
inhibition of sympathetic vasoconstriction and the
difference between the constrictor response in the
SMTC and SMTC + L-NAME conditions is a measure
of eNOS-mediated inhibition of sympathetic vaso-
constriction (Jendzjowsky & DeLorey, 2013a).

Mean HR, MAP, FBF and FVC were calculated during
the minute immediately preceding the first sympathetic
stimulation and the increase in each variable above the
resting baseline was used to determine the cardiovascular
response to contraction. Muscle force production was
measured continuously and peak force development was
determined for each muscle contraction. To compare force
production between groups and experimental conditions
a mean of peak contractile forces was calculated between
minutes 3 and 7 (the period encompassing the sympathetic
stimulations) for each contractile bout.

The magnitude of ACh-mediated vasodilation in
control, SMTC and L-NAME conditions was calculated
as the difference between the peak FVC response (�3 s
average) and the FVC baseline before ACh infusion (�20 s
average) and expressed as a percentage change from the
FVC baseline. All data are expressed as mean ± S.D.

Statistics

The vasoconstrictor response to sympathetic stimulation
was analysed by three-way repeated measures ANOVA
(group × muscle contractile state × drug condition). The
response to each frequency of sympathetic stimulation
was analysed separately. The effect of muscle contra-
ctile state on the contribution of nNOS to the total
NO-mediated inhibition of sympathetic vasoconstriction
was determined by two-way repeated measures ANOVA.
The effects of exercise training and drug treatment on
baseline haemodynamics, the haemodynamic response
to contraction, muscle contractile force and the vaso-
dilator responses to ACh were determined by two-way
repeated measures ANOVA. When significant F-ratios
were detected, Student–Newman–Keuls post hoc tests were
used to identify differences between specific groups and
drug treatments. Differences in anthropometric measures
were analysed by t test. P < 0.05 was considered statistically
significant.
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Table 1. Indicators of training efficacy

Group Body mass (g) Heart mass (g) Heart mass/body mass ratio (mg g−1)

Sedentary 450 ± 43 1.4 ± 0.2 3.11 ± 0.20
Exercise trained 394 ± 21∗ 1.7 ± 0.2∗ 4.31 ± 0.40∗

Values are means ± S.D. ∗Significant difference between groups. P < 0.05 was considered statistically significant.

Table 2. Basal haemodynamics

Drug condition Group HR (beats min−1) MAP (mmHg) FBF (ml min−1) FVC (ml min−1 mmHg−1)

Control Sedentary 410 ± 61 95 ± 16‡ 3.1 ± 0.6 0.034 ± 0.010‡

Exercise trained 374 ± 40 104 ± 11‡ 3.0 ± 0.4 0.030 ± 0.003‡

SMTC Sedentary 395 ± 43 104 ± 15‡ 3.3 ± 1.1 0.032 ± 0.012‡

Exercise trained 374 ± 36 109 ± 15‡ 2.7 ± 0.6 0.025 ± 0.005‡

SMTC + L-NAME Sedentary 353 ± 33∗† 124 ± 16‡ 3.1 ± 1.5 0.025 ± 0.011‡

Exercise trained 352 ± 33∗† 133 ± 14‡ 2.4 ± 0.7 0.018 ± 0.004‡

Values are means ± S.D. Abbreviations: FBF, femoral blood flow; FVC, femoral vascular conductance; HR, heart rate; MAP, mean
arterial blood pressure; L-NAME, Nω-nitro-L-arginine methyl ester; SMTC, S-methyl-L-thiocitrulline. ∗Statistically significant difference
from control condition. †Statistically significant difference from the SMTC condition. ‡Statistically significant difference between all
drug conditions within each experimental group. P < 0.05 was considered statistically significant.

Results

Resting haemodynamics and indicators of training
efficacy

All rats assigned to the exercise training group completed
the prescribed training protocol. Body mass was lower
(P < 0.05) and heart mass and the heart mass/body
mass ratio were increased (P < 0.05) in exercise-trained
compared to sedentary rats (Table 1).

Resting HR was not different (P > 0.05) between
exercise-trained and sedentary rats. Selective nNOS
inhibition with SMTC did not change (P > 0.05)
HR in exercise-trained or sedentary rats; however, sub-
sequent non-selective NOS inhibition with L-NAME
decreased (P < 0.05) HR by a similar magnitude
in exercise-trained and sedentary rats. Resting MAP
was not different (P > 0.05) between exercise-trained
and sedentary rats. SMTC caused a similar increase
(P < 0.05) in MAP in exercise-trained and sedentary
rats and L-NAME caused a further similar increase
(P < 0.05) in MAP in exercise-trained and sedentary
rats. Resting FBF was not different (P > 0.05) between
exercise-trained and sedentary rats and was not altered
by treatment with SMTC or L-NAME. Resting FVC was
not different (P > 0.05) between exercise-trained and
sedentary rats. SMTC reduced (P < 0.05) FVC by a
similar magnitude in exercise-trained and sedentary rats
(P > 0.05) and L-NAME further reduced (P < 0.05) FVC
to a similar extent in exercise-trained and sedentary rats
(Table 2).

Endothelium-dependent vasodilation and
effectiveness of nitric oxide synthase inhibition

ACh-mediated vasodilation was greater (P < 0.05) in
exercise-trained compared to sedentary rats. SMTC did

Figure 1. Percentage change of femoral vascular conductance
(FVC) in sedentary (white bars) and exercise trained rats (gray
bars) in response to intra-arterial bolus injections of
acetylcholine (ACh) at doses of 0.005 μg (open bars) and
0.1 μg (hatched bars)
Values are mean ± SD. Statistically significant difference: ˆfrom
control condition; ∗from SMTC condition; and †between groups
within a specified drug condition and dose. P < 0.05 was considered
statistically significant. ACh, acetylcholine; FVC, femoral vascular
conductance; SMTC, S-methyl-L-thiocitrulline.
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not alter (P > 0.05) ACh-mediated vasodilation in
exercise-trained or sedentary rats (Fig. 1). In contrast, sub-
sequent treatment with L-NAME diminished (P > 0.05)
ACh-induced vasodilation in both exercise-trained and
sedentary rats (Fig. 1).

Sympathetic vasoconstriction at rest and during
muscular contraction

The response to sympathetic stimulation delivered at rest
and during muscle contraction in a representative rat is
shown in Fig. 2. Absolute changes in HR, MAP, FBF and
FVC in response to sympathetic stimulation at rest and
during contraction are presented in Table 3.

In resting skeletal muscle, sympathetic vasoconstrictor
responsiveness was greater (P < 0.05) in exercise-trained
compared to sedentary rats. Sympathetic vasoconstrictor

responsiveness was increased by (P < 0.05) selective
nNOS inhibition in exercise-trained and sedentary
rats; however, the vasoconstrictor response was greater
(P < 0.05) in exercise-trained compared to sedentary
rats during treatment with SMTC. Subsequent treatment
with L-NAME further increased (P < 0.05) sympathetic
vasoconstrictor responsiveness in both exercise-trained
and sedentary rats; however, the vasoconstrictor response
remained greater (P < 0.05) in exercise-trained compared
to sedentary rats (Fig. 3).

Compared to rest, muscle contraction attenuated
the vasoconstrictor response to sympathetic stimulation
(P < 0.05) in control conditions and during selective
nNOS and non-selective NOS inhibition (Fig. 3 and
Table 2). During muscle contraction, sympathetic vaso-
constrictor responsiveness was not different (P > 0.05)
between exercise-trained and sedentary rats. Sympathetic
vasoconstrictor responsiveness was increased by (P<0.05)

Figure 2. Original data from a representative rat illustrating the response of MAP, FBF, FVC and muscle
contractile force at rest (A) and during muscular contraction at 60% of maximal contractile force (B)
The arrow indicates the onset of contraction. Lumbar sympathetic nerve stimulations were delivered at 2 and 5 Hz
in random order at rest and during contraction. FBF, femoral artery blood flow; FVC, femoral vascular conductance;
MAP, mean arterial blood pressure.
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Table 3. Haemodynamic responses to sympathetic stimulation at rest and during muscle contraction.

2 Hz 5 Hz

Muscle FVC FVC
contractile (ml min−1 (ml min−1

state Group Drug condition FBF (ml min−1) mmHg−1) FBF (ml min−1) mmHg−1)

Rest Sedentary Control −0.6 ± 0.2 −0.008 ± 0.002 −0.8 ± 0.3 −0.011 ± 0.003
SMTC −0.8 ± 0.3 −0.008 ± 0.002 −1.1 ± 0.4 −0.012 ± 0.003
SMTC + L-NAME −0.9 ± 0.3 −0.009 ± 0.003 −1.1 ± 0.4 −0.011 ± 0.004

Exercise trained Control −0.9 ± 1.0 −0.010 ± 0.001 −1.3 ± 0.2 −0.015 ± 0.003
SMTC −1.0 ± 0.3 −0.010 ± 0.002 −1.6 ± 0.4 −0.015 ± 0.004
SMTC + L-NAME −1.2 ± 0.4 −0.009 ± 0.002 −1.5 ± 0.6 −0.012 ± 0.004

Contraction Sedentary Control −0.5 ± 0.6 −0.006 ± 0.005‡ −1.1 ± 1.2 −0.016 ± 0.008
SMTC −1.1 ± 0.8§ −0.014 ± 0.004‡§ −1.7 ± 1.3§ −0.024 ± 0.007∗§

SMTC + L-NAME −1.8 ± 1.0∗†§ −0.018 ± 0.005‡§ −2.4 ± 1.3∗§ −0.026 ± 0.007∗§

Exercise trained Control −0.7 ± 0.4 −0.010 ± 0.004 −1.2 ± 0.6‡ −0.018 ± 0.004
SMTC −2.4 ± 0.6∗§ −0.025 ± 0.005∗§ −3.3 ± 0.6‡§ −0.036 ± 0.006∗§

SMTC + L-NAME −2.7 ± 0.8∗§ −0.024 ± 0.006∗§ −4.0 ± 1.0‡§ −0.036 ± 0.006∗§

Values are means ± S.D. Abbreviations: FBF, femoral blood flow; FVC, femoral vascular conductance; HR, heart rate; MAP, mean
arterial blood pressure; L-NAME, Nω-nitro-L-arginine methyl ester; SMTC, S-methyl-L-thiocitrulline. ∗Statistically significant difference
from control conditions within the specified contractile state. †Statistically significant difference from SMTC condition within the
specified contractile state. ‡Statistically significant difference between all drug conditions within the specified contractile state.
§Statistically significant difference between groups within specified drug condition and contractile state. P < 0.05 was considered
statistically significant.

selective nNOS inhibition in both exercise-trained and
sedentary rats; however, treatment with SMTC caused
a larger increase (P < 0.05) in the vasoconstrictor
response in exercise-trained compared to sedentary rats.
L-NAME further increased (P < 0.05) sympathetic
vasoconstrictor responsiveness in both exercise-trained
and sedentary rats and the vasoconstrictor response
was not different (P > 0.05) between exercise-trained
and sedentary rats during non-selective NOS inhibition
(Fig. 3).

At rest, nNOS was responsible for a similar (P > 0.05)
amount (�35%) of total NO-mediated inhibition
of sympathetic vasoconstriction in exercise-trained
and sedentary rats. In contracting skeletal muscle,
nNOS-mediated inhibition of sympathetic vaso-
constriction was increased (P < 0.05) in both
exercise-trained and sedentary rats. However, NO
derived from nNOS was responsible for a greater
(P < 0.05) proportion of total NO-mediated inhibition of
sympathetic vasoconstriction in exercise-trained (�75%)
compared to sedentary (�50%) rats (Fig. 4).

Hyperaemic response to contraction and muscle force
production

The increase in HR, MAP, FBF and FVC in response
to contraction was not different (P > 0.05) between
groups or experimental conditions (Table 4). Muscle force
production was also not different (P > 0.05) between

experimental conditions and between sedentary (control:
738 ± 112 g; SMTC: 778 ± 76 g; SMTC + L-NAME:
810 ± 40 g) and exercise-trained (control: 763 ± 66 g;
SMTC: 827 ± 47 g; SMTC + L-NAME: 807 ± 42 g) rats.

Nitric oxide synthase expression

A main effect (P < 0.05) of exercise training on muscle
nNOS expression was observed. The expression of nNOS
was higher (P < 0.05; main effect) in medial and lateral
gastrocnemius muscles compared to the soleus muscle.
There was no interaction between experimental groups
and individual muscle nNOS expression. eNOS expression
was not different (P > 0.05) in exercise-trained and
sedentary rats and was similar (P > 0.05) between muscles.
Inducible NOS expression was not different (P > 0.05)
in exercise-trained and sedentary rats, but was lower
(P < 0.05) in the soleus compared to the medial and
lateral gastrocnemius muscles (Fig. 5).

Discussion

The purpose of the present study was to investigate
the effect of heavy-intensity exercise training on
NOS isoform-specific inhibition of sympathetic
vasoconstriction in resting and contracting skeletal
muscle. The important novel finding from the pre-
sent study was that heavy-intensity exercise training
augmented nNOS-mediated inhibition of sympathetic
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vasoconstriction in contracting skeletal muscle.
Consistent with improved nNOS-mediated vascular
function, skeletal muscle nNOS expression was also
greater in exercise-trained compared to sedentary rats.
These data suggest that improvements in NO-dependent
sympatholysis following exercise training are mediated by
increased production of NO by nNOS.

Our laboratory and others have shown that NO
inhibits sympathetic vasoconstriction in resting and
contracting muscle (Habler et al. 1997; Thomas &
Victor, 1998; Chavoshan et al. 2002; Donato et al. 2007;
Jendzjowsky & DeLorey, 2013b). Consistent with previous
findings from our laboratory (Jendzjowsky & DeLorey,

2013b), NO-mediated inhibition of sympathetic vaso-
constriction in resting skeletal muscle was greater in
exercise-trained compared to sedentary rats in the pre-
sent study. At rest, the relative contribution of NO
derived from nNOS to total NO-mediated inhibition
of sympathetic vasoconstriction was similar between
sedentary (�35%) and exercise-trained (�40%) rats
suggesting that the increased NO-dependent inhibition
of sympathetic vasoconstriction at rest in exercise-trained
rats was a function of increases in both nNOS-
and eNOS-mediated inhibition of vasoconstriction. We
(Jendzjowsky & DeLorey, 2013a) and others (Habler et al.
1997) have previously shown that eNOS-derived NO

Figure 3. The percentage change of femoral vascular conductance (FVC) in response to sympathetic
stimulation at 2 Hz (top panels) and 5 Hz (bottom panels) in resting (left panels) and contracting muscle
(right panels) during control conditions, following selective nNOS blockade with S-methyl-thio-citrulline
(SMTC, 0.6 mg.kg−1 IV) and following subsequent non-selective NOS blockade with L-NAME (5 mg.kg−1

IV) in sedentary (white bars) and exercise trained (black bars) rats
Values are means ± S.D. Significant difference between: ˆall drug conditions; ∗groups during all drug conditions;
and #training groups within specified drug condition. P < 0.05 was considered statistically significant. FVC,
femoral vascular conductance; MCF, maximal contractile force; L-NAME, Nω-nitro-L-arginine methyl ester; SMTC,
S-methyl-L-thiocitrulline.
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is primarily responsible for inhibition of sympathetic
vasoconstriction in resting skeletal muscle and the pre-
sent data indicate that this is not altered by short-term
heavy-intensity exercise training.

Previous investigations of the effects of exercise training
on the inhibition of sympathetic vasoconstriction in
contracting muscle (i.e. sympatholysis) have produced
conflicting findings. Our laboratory has demonstrated
that exercise training enhanced sympatholysis (i.e. a
greater inhibition of sympathetic vasoconstriction during
contraction) in a training intensity-dependent manner
through a NO-dependent mechanism (Jendzjowsky &

DeLorey, 2013b). Exercise training has also been shown
to enhance sympatholysis through a NO-dependent
mechanism in hypertensive rats (Mizuno et al. 2014).
In contrast, short-term single limb exercise training
did not alter sympatholysis in humans (Mortensen
et al. 2012a; Wimer & Baldi, 2012). However, the
maintenance of aerobic fitness throughout the lifespan
maintained sympatholysis in older adults (Mortensen
et al. 2012b) and prevented an age-associated decline in
NO bioavailability (Nyberg et al. 2012). Consistent with
our previous findings (Jendzjowsky & DeLorey, 2013b),
exercise training enhanced NO-dependent inhibition

Figure 4. Magnitude of increase in sympathetic vasoconstriction during selective nNOS inhibition (grey
bars) and non-selective NOS inhibition (hatched grey bars) at rest (A) and during muscular contraction
(C)
Contribution of NO derived from nNOS to total NO-mediated inhibition of sympathetic vasoconstriction at rest (B)
and during muscular contraction (D). Values are means ± S.D. Main effect of ˆmuscle contraction and ‡exercise
training. ∗Significant difference between exercise-trained and sedentary rats. P < 0.05 was considered statistically
significant. FVC, femoral vascular conductance; MCF, maximal contractile force; nNOS, neuronal nitric oxide
synthase.
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Table 4. Haemodynamic response to muscle contraction

Drug condition Group HR (beats min−1) MAP (mmHg) FBF (ml min−1) FVC (ml min−1 mmHg−1)

Control Sedentary 8 ± 8 7 ± 4 5.7 ± 1.2 0.052 ± 0.008
Exercise trained 12 ± 9 5 ± 3 6.6 ± 1.1 0.061 ± 0.008

SMTC Sedentary 7 ± 10 4 ± 2 5.5 ± 1.0 0.054 ± 0.007
Exercise trained 11 ± 10 4 ± 3 6.8 ± 1.1 0.064 ± 0.010

SMTC + L-NAME Sedentary 8 ± 8 4 ± 2 6.4 ± 1.7 0.051 ± 0.013
Exercise trained 11 ± 15 5 ± 4 7.3 ± 2.2 0.058 ± 0.016

Values are means ± S.D. Abbreviations: FBF, femoral blood flow; FVC, femoral vascular conductance; HR, heart rate; MAP, mean arterial
blood pressure; L-NAME, Nω-nitro-L-arginine methyl ester; SMTC, S-methyl-L-thiocitrulline. Absolute increase of HR, MAP, FBF and FVC
in response to muscular contraction.

of sympathetic vasoconstriction in the present study.
The relative contribution of nNOS-derived NO to the
inhibition of sympathetic vasoconstriction was markedly
increased in exercise-trained rats in the present study.
Our laboratory has previously shown that nNOS-derived
NO makes a larger contribution to the inhibition of
sympathetic vasoconstriction in contracting compared
to resting skeletal muscle in untrained healthy rats
(Jendzjowsky & DeLorey, 2013a). Other studies have also
demonstrated that the nNOS-mediated NO production
is increased during muscle contraction and NO derived
from nNOS is particularly important for sympatholysis
(Lau et al. 2000; Grange et al. 2001). Indeed, an impaired
ability to inhibit sympathetic vasoconstriction has been
reported in nNOS-null or nNOS-deficient populations
(Thomas et al. 1998; Sander et al. 2000; Grange et al.
2001; Fadel et al. 2003). The present findings indicate
that greater NO-dependent inhibition of vasoconstriction

following exercise training is predominately due to
increased nNOS-mediated inhibition of sympathetic vaso-
constriction. These data suggest that exercise training
may be a powerful therapy for vascular dysfunction
in sedentary populations and clinical conditions where
nNOS expression may be reduced. Further studies will be
required to demonstrate this effect and to resolve the role
of NO in the inhibition of sympathetic vasoconstriction
in humans (Boushel et al. 2002; Chavoshan et al. 2002;
Dinenno & Joyner, 2003; Rosenmeier et al. 2003).

The improved nNOS-mediated inhibition of
sympathetic vasoconstriction was not associated with an
increased response of limb blood flow to contraction in
exercise-trained rats in the present study. While the role
of NO in the regulation of exercise hyperaemia remains
controversial (Clifford & Hellsten, 2004), nNOS-derived
NO appears to be important for the distribution of blood
flow between muscles during exercise (Copp et al. 2013).

Figure 5. eNOS (A), iNOS (B) and nNOS (C) expression from medial gastrocnemius (MG; white), lateral
gastrocnemius (LG; light grey) and soleus (Sol; dark grey) muscles in sedentary (S) and exercise trained
(Ex) groups. NOS expression was normalized to α-tubulin protein levels
Values and means ± S.D. Significant difference between #groups (main effect) and ∗muscles (main effect). P < 0.05
was considered statistically significant. eNOS, endothelial nitric oxide synthase; Ex, exercise-trained; iNOS, inducible
nitric oxide synthase; LG, lateral gastrocnemius; MG, medial gastrocnemius; nNOS, neuronal nitric oxide synthase;
S, sedentary; Sol, soleus.
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Thus with respect to the control of limb blood flow in
the present study, the greater nNOS-mediated inhibition
of vasoconstriction in exercise-trained rats may have
opposed training-induced alterations in sympathetic
vasoconstrictor responsiveness and/or improved the
distribution of blood flow between and within skeletal
muscles during contraction.

In agreement with improved nNOS mediated vascular
function following exercise training, skeletal muscle nNOS
expression was greater in exercise trained compared to
S rats (main effect of exercise training) in the present
study. Increased nNOS expression has also been reported
following 4 weeks of heavy-intensity swim training and 4
and 10 weeks of treadmill running in rats (Tatchum-Talom
et al. 2000; Vassilakopoulos et al. 2003; Song et al.
2009) as well as 10 days of intense cycling exercise in
humans (McConell et al. 2007). In contrast, 10 weeks
of moderate intensity running in rats (Harris et al.
2008) and 6 weeks of endurance running or single leg
knee extension exercise training in young, healthy males
(Frandsen et al. 2000) did not increase nNOS protein
expression. The reason for the conflicting findings between
studies is not readily apparent. However, nNOS appears
to be preferentially expressed in type II glycolytic muscle
fibres (Kobzik et al. 1995) and therefore differences in
training paradigms and muscle fibre types investigated
may contribute to between study differences. Further
investigation will be required to determine the sensitivity
of nNOS expression to different patterns of muscle
recruitment, intensities and volumes of training, as well
as the time course of changes in nNOS expression during
training.

Skeletal muscle eNOS expression was not different
between exercise-trained and sedentary rats in the pre-
sent study. Consistent with the present data, soleus muscle
eNOS expression was not different between sedentary
rats and rats that completed 10 weeks of treadmill
exercise training (Harris et al. 2008). In contrast, greater
eNOS expression has been reported in gastrocnemius
and soleus muscles of treadmill-trained compared to
sedentary rats (Balon & Nadler, 1997; Vassilakopoulos
et al. 2003; Song et al. 2009). Increased eNOS expression
has been reported in the endothelium from isolated aorta
(McAllister & Price, 2010), coronary arterioles (Laughlin
et al. 2001) and some, but not all, skeletal muscle arteries
(Laughlin et al. 2004) following exercise training. eNOS
expression was not measured in isolated vascular tissue
in the present study; however, shear stress was probably
elevated by exercise training and therefore an increase in
vascular eNOS expression seems plausible. Nonetheless,
if exercise training increased eNOS expression in the
vascular endothelium in the present study, it did not
appear to be responsible for the enhanced inhibition
of sympathetic vasoconstriction following exercise
training.

Experimental considerations and limitations

Consistent with a previous investigation in our laboratory
(Jendzjowsky & DeLorey, 2013a), selective nNOS blockade
with SMTC and subsequent infusion of L-NAME
were used to determine nNOS-mediated inhibition of
sympathetic vasoconstriction and the total magnitude of
NO-mediated inhibition of sympathetic vasoconstriction,
respectively. The difference between the constrictor
response in the SMTC and SMTC + L-NAME conditions
is an index of eNOS-mediated inhibition of sympathetic
vasoconstriction (Jendzjowsky & DeLorey, 2013a). The
vasodilator response to infusion of ACh was used to
confirm the selectivity and effectiveness of NOS inhibition.
Consistent with previous findings from our laboratory
(Jendzjowsky & DeLorey, 2013a) and others (Copp
et al. 2010, 2011, 2013), the vasodilator response to
ACh was similar between control and SMTC conditions
in the present study, indicating that SMTC selectively
blocked nNOS without inhibition of eNOS. Subsequent
non-selective NOS blockade with L-NAME significantly
reduced ACh-mediated vasodilation indicating that sub-
sequent treatment with L-NAME effectively inhibited
eNOS-mediated vascular function in agreement with pre-
vious reports (Parkington et al. 2002).

Additional limitations inherent in the experimental pre-
paration include the use of electrically evoked sympathetic
activity and muscle contractions in anaesthetized rats that
do not reflect naturally occurring patterns of nerve traffic
in conscious animals/humans. Finally, muscle homo-
genates were utilized to investigate NOS expression and
therefore tissue-specific (skeletal muscle, endothelium,
nerve, smooth muscle) effects of exercise training on NOS
expression could not be determined.

Conclusion

The present study demonstrated that exercise training
increased skeletal muscle nNOS expression and markedly
enhanced nNOS-mediated inhibition of sympathetic
vasoconstriction. These data demonstrate that the greater
NO-dependent sympatholysis in exercise-trained rats
previously reported by our laboratory (Jendzjowsky
& DeLorey, 2013b) is predominately attributable to
greater nNOS-dependent blunting of sympathetic vaso-
constriction. This study advances our mechanistic under-
standing of the vascular adaptations to exercise training.
These data also suggest that the ability to regulate skeletal
muscle vascular conductance and arterial blood pressure
at rest and during exercise may be enhanced by exercise
training. These exercise training induced adaptations
may be particularly beneficial in sedentary individuals
and pathophysiological conditions (e.g. heart failure,
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menopause, hypertension) where nNOS expression and
nNOS-mediated vascular control may be reduced.
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