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Antagonism of the TRPv1 receptor partially corrects
muscle metaboreflex overactivity in spontaneously
hypertensive rats
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Non-technical summary The cardiovascular response to exercise is exaggerated in hypertension.
This heightened circulatory responsiveness increases the risk of occurrence of an adverse cardio-
vascular event during and immediately following a bout of exercise. Accumulating evidence
suggests the muscle metaboreflex, a chemically sensitive peripheral reflex originating in skeletal
muscle, contributes significantly to this abnormal cardiovascular response to exercise. However,
its role remains controversial. In addition, the receptor mechanisms underlying metaboreflex
dysfunction in hypertension remain undetermined. To this end, the current investigation
demonstrates that the metaboreflex is overactive in hypertensive rats eliciting exaggerated
increases in sympathetic nerve activity and blood pressure. Importantly, the study shows, for
the first time, that the metaboreflex dysfunction manifest in hypertension is mediated, in part,
by activation of the skeletal muscle TRPv1 receptor. As such, the investigation identifies the
muscle metaboreflex, specifically the TRPv1 receptor, as a potential target for the treatment of
cardiovascular hyperexcitability during exercise in hypertension.

Abstract The circulatory response to exercise is exaggerated in hypertension potentially
increasing the risk for adverse cardiovascular events. Evidence suggests the skeletal muscle
metaboreflex contributes to this abnormal circulatory response. However, as the sensitivity of
this reflex has been reported to be both reduced and potentiated in hypertension, its role
remains controversial. In addition, the receptor mechanisms underlying muscle metaboreflex
dysfunction in this disease remain undetermined. To address these issues, metaboreflex activity
was assessed during ‘supra-stimulation’ of the reflex via ischaemic hindlimb muscle contraction.
This manoeuvre evoked significantly larger increases in mean arterial pressure (MAP) and
renal sympathetic nerve activity (RSNA) in spontaneously hypertensive rats (SHR) compared
to normotensive Wistar–Kyoto (WKY) rats. The skeletal muscle TRPv1 receptor was evaluated as
a potential mediator of this metaboreflex response as it has been shown to contribute significantly
to muscle reflex activation in healthy animals. Stimulation of the TRPv1 receptor by injection of
capsaicin into the arterial supply of the hindlimb evoked significantly larger elevations in MAP and
RSNA in SHR compared to WKY. The pressor and sympathetic responses to ischaemic muscle
contraction in WKY and SHR were attenuated by the administration of the TRPv1 receptor
antagonist capsazepine with the magnitude of the capsazepine-induced reductions being greater
in SHR than WKY. TRPv1 protein expression in dorsal root ganglia, but not skeletal muscle, was
significantly greater in SHR than WKY. The results suggest the muscle metaboreflex is overactive
in hypertension. Further, this reflex overactivity can be partially normalized by antagonizing
TRPv1 receptors in skeletal muscle.
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Introduction

Afferent signals from working skeletal muscle are an
important source of neural input to the brainstem during
exercise and contribute significantly to the regulation
of the cardiovascular system during physical activity
(McCloskey & Mitchell, 1972). These contraction-induced
signals are generated by stimulation of group III and
group IV skeletal muscle afferent fibres (Kaufman
et al. 1984). Group III afferents are predominantly
mechanically sensitive A-δ fibres and are associated
with the muscle mechanoreflex. Group IV afferents are
primarily chemically sensitive C fibres and are associated
with the muscle metaboreflex. Combined activation
of the mechanoreflex and metaboreflex during muscle
contraction, collectively termed the exercise pressor reflex
(EPR), reflexively elevates arterial blood pressure and heart
rate (HR) primarily via increases in efferent sympathetic
nerve activity (SNA) (Mitchell et al. 1983).

In hypertension, the cardiovascular response to exercise
is abnormally exaggerated (Aoki et al. 1983; Pickering,
1987; Seguro et al. 1991; Vongpatanasin et al. 2011).
Since such responses have been shown to be associated
with elevated risks for myocardial ischaemia, myocardial
infarction, cardiac arrest and/or stroke during and after
physical activity, elucidating the cause of this cardio-
vascular hyper-excitability is clinically important (Hoberg
et al. 1990; Mittleman et al. 1993). To this end, our
laboratory recently demonstrated that selective activation
of the EPR elicits markedly greater increases in SNA and
mean arterial pressure (MAP) in hypertensive compared to
normotensive rats (Smith et al. 2006; Mizuno et al. 2011).
These findings provide evidence that the exaggerated
cardiovascular response to exercise in hypertension is
mediated, in part, by a dysfunctional EPR.

Given that both the muscle mechanoreflex and the
muscle metaboreflex contribute significantly to the EPR,
it is logical to suggest that each component of the reflex
mediates the EPR dysfunction that manifests in hyper-
tension. With regard to the muscle mechanoreflex, recent
reports provide evidence that activation of mechanically
sensitive afferent fibres in skeletal muscle abnormally
potentiates SNA and MAP (Leal et al. 2008; Mizuno
et al. 2011) Findings from this work further suggest that
these altered responses are mediated by skeletal muscle

mechanoreceptors (Mizuno et al. 2011). However, reports
in both humans and animals assessing metaboreflex
function in hypertension are more controversial (Rondon
et al. 2006; Leal et al. 2008; Sausen et al. 2009; Delaney et al.
2010). For example, Sausen et al. (2009) and Leal et al.
(2008) have reported that the blood pressure response to
preferential activation of the metaboreflex is enhanced in
hypertensive patients and animals, respectively. Further,
Delaney et al. (2010) recently demonstrated that the
muscle SNA response to activation of the metaboreflex is
augmented in older hypertensive patients as compared to
normotensive individuals. In contrast, other independent
studies have demonstrated the SNA response to activation
of the metaboreflex is blunted while the MAP response
is either unchanged or reduced in middle-aged hyper-
tensive patients (Rondon et al. 2006). Additionally, to
date, no studies have been designed to examine the
receptor mechanisms underlying alterations in muscle
metaboreflex function in hypertension.

Therefore, this study was designed to address
the existing controversy with regard to metaboreflex
regulation of SNA and MAP in hypertension as well
as to determine the receptor mechanism(s) underlying
abnormal metaboreflex function in this disease. With
regard to the latter, we targeted the transient receptor
potential vanilloid 1 (TRPv1) receptor as it has been
recently demonstrated to contribute significantly to EPR
activation in normotensive rats (Smith et al. 2010). In
skeletal muscle, the TRPv1 receptor has been shown
to be primarily localized to group IV afferent fibres
and can be activated by several ligands including, but
not limited to, protons and the exogenous substance
capsaicin (Hoheisel et al. 2004). Additionally, in chronic
heart failure (CHF), a disease state that often develops
from prolonged hypertension, downregulation of mRNA
(Smith et al. 2005) and protein (Wang et al. 2010)
expression for the TRPv1 receptor in dorsal root ganglia
(DRG) have been shown to be associated with a blunting
of the muscle metaboreflex in CHF rats as compared
to normal animals. This suggests that TRPv1 receptors
might play an important role in the pathogenesis of
abnormal muscle metaboreflex function in cardiovascular
disease. Taken together, we hypothesized that activation of
TRPv1 receptors mediate, in part, the alterations in muscle
metaboreflex activity that manifest in hypertension. To test
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this hypothesis, we examined the following in decerebrate
normotensive Wistar–Kyoto (WKY) and spontaneously
hypertensive (SHR) rats: (i) the renal SNA (RSNA) and
MAP responses to ‘supra-stimulation’ of the muscle
metaboreflex via ischaemic hindlimb muscle contraction;
(ii) the RSNA and MAP responses to stimulation of hind-
limb TRPv1 receptors with capsaicin before and after
antagonizing these receptors with capsazepine; (iii) the
RSNA and MAP responses to ischaemic hindlimb muscle
contraction before and after antagonizing TRPv1 receptors
with capsazepine, and (iv) protein expression of TRPv1
receptors in the soleus and gastrocnemius muscles of the
hindlimb as well as the DRG subserving skeletal muscle
Group IV afferent fibres.

Methods

Ethical approval

Experiments were performed in age-matched
(14–20 weeks) male normotensive Wistar–Kyoto
(WKY; n = 46) and spontaneously hypertensive (SHR;
n = 50) rats. The procedures outlined were approved by
the Institutional Animal Care and Use Committee of
the University of Texas Southwestern Medical Center at
Dallas. All studies were conducted in accordance with
the US Department of Health and Human Services NIH
Guide for the Care and Use of Laboratory Animals and
are in accordance with the policies of the Journal of
Physiology.

General surgical procedures

The surgical procedures used have been described
previously (Smith et al. 2001). Briefly, rats were
anaesthetized with isoflurane gas and intubated for
mechanical ventilation. A pressure transducer connected
to the left carotid arterial catheter was used to measure
blood pressure continuously. Needle electrodes were
placed on the back of the animal to obtain electro-
cardiograph (ECG) recordings. HR was calculated from
the time between successive R waves in the ECG recording.
The renal nerve was exposed and attached to a pair of
stainless steel wire electrodes. The nerve and electro-
des were covered with silicone glue for insulation and
fixation. To quantify renal sympathetic nerve activity
(RSNA), the pre-amplified nerve signal was band-pass
filtered at 150–1000 Hz then full-wave rectified and
low-pass filtered with a cut-off frequency of 30 Hz.
Animals were held in a stereotaxic head unit, and a
pre-collicular decerebration was performed rendering the
animals insentient. Immediately following the decerebrate
procedure, gas anaesthesia was discontinued.

Procedures for muscle contraction

A laminectomy exposing the lower lumber portions of
the spinal cord (L2–L6) was performed as described
previously (Smith et al. 2001). The L4 and L5 ventral
roots were carefully isolated and sectioned. The cut peri-
pheral ends of roots were placed on bipolar electrodes.
The gastrocnemius and soleus muscle of the right hind-
limb were isolated. The calcaneal bone of the right hind-
limb was cut and the Achilles’ tendon connected to a force
transducer for the measurement of muscle tension.

Procedures for intra-arterial injections
within the hindlimb

To allow the injection of chemicals into the arterial
supply of the right leg, the circulation of the hindlimb
was surgically isolated as described previously (Smith
et al. 2005). Briefly, a catheter was placed in the left
common iliac artery with the catheter tip advanced to the
bifurcation of the abdominal aorta. This allowed injection
of chemicals directly into the right common iliac artery
without occluding the circulation of the right hindlimb.
In addition, a reversible ligature was placed around the
common iliac vein emptying the right hindlimb. Use of
these procedures limited the delivery of chemicals to the
right hindlimb preventing their entrance into the general
circulation.

Procedures for muscle ischaemia

A reversible vascular occluder was placed around right
iliac artery and vein just below the aortic bifurcation.

Experimental protocols

Protocol 1: supra-stimulation of the metaboreflex during
EPR activation. The EPR was stimulated in WKY (n = 13)
and SHR (n = 16) by contracting the gastrocnemius and
soleus muscles of the right hindlimb under freely perfused
conditions for 30 s via electrical stimulation of isolated
L4 and L5 ventral roots. This procedure is known to
activate both the mechanically and chemically sensitive
components of the EPR concomitantly (Mitchell et al.
1983). Constant current stimulation was used at a 3 times
motor threshold (i.e. the minimum current required to
produce a muscle twitch) with a pulse duration of 0.1 ms
at 40 Hz. To assess metaboreflex function during activation
of the EPR, the muscle was made ischaemic by inflating
the right iliac artery vascular occluder immediately prior
to muscle contraction. By reducing muscle blood flow
during ischaemia, this manoeuvre impedes the removal
of the metabolic by-products of muscular work and
therefore serves to ‘supra-stimulate’ the metaboreflex in
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a physiological manner (McCloskey & Mitchell, 1972).
Muscle contractions under freely perfused or ischaemic
conditions were randomly assigned.

Protocol 2: pharmacological stimulation of chemically
sensitive skeletal muscle afferents. Selective activation
of chemically sensitive afferent fibres innervating skeletal
muscle was achieved in WKY (n = 8) and SHR (n = 7)
by administering graded concentrations of capsaicin into
the arterial supply of the hindlimb (0.01, 0.03, 0.10,
0.30 and 1.00 μg/100 μl). Capsaicin has been shown to
preferentially stimulate TRPv1 receptors which, in skeletal
muscle, are predominantly expressed on Group IV afferent
neurons (Jansco et al. 1977). As a result, stimulation of
the TRPv1 receptor activates the afferent fibre population
known to mediate metaboreflex function and is commonly
used for this purpose (Kaufman et al. 1982; Li et al. 2004;
Smith et al. 2005). Capsaicin was injected into the right
common iliac artery while the reversible ligature placed
around the right common iliac vein was occluded for
2 min. This limited drug delivery to the right hindlimb.
As a control, saline was also injected into the circulation of
the hindlimb. To confirm that the pressor and sympathetic
responses to administration of capsaicin were mediated by
TRPv1 receptor activation, WKY (n = 5) and SHR (n = 5)
animals received an injection of capsaicin (1.00 μg/100 μl)
in combination with capsazepine (100 μg/100 μl), a
TRPv1 receptor antagonist.

Protocol 3: pharmacological blockade of the muscle
metaboreflex during contraction. The TRPv1 receptor
antagonist capsazepine (100 μg/100 μl) was likewise used
to antagonize chemically sensitive receptors in hindlimb
skeletal muscle during ischaemic muscle contraction in
both WKY (n = 12 out of 13 in protocol 1) and SHR
(n = 12 out of 16 in protocol 1). Hindlimb muscles
were contracted during circulatory occlusion using the
aforementioned protocol and stimulus parameters. As
a control, the vehicle for capsazepine (isotonic saline)
was also administered into the muscle circulation during
separate ischaemic contraction trials. Capsazepine or
saline was administered by injection into the arterial
supply of the right hindlimb and trapped there for
2 min prior to ischaemic contraction. As an adjunct to
this protocol, capsazepine was also administered during
activation of the EPR via static muscle contraction under
freely perfused conditions.

Protocol 4: quantification of TRPv1 protein expression.
As a parallel line of evidence, Western blot analysis
was used as a semi-quantitative approach to evaluate
protein expression for the TRPv1 receptor in hind-
limb skeletal muscle and the DRG of afferent neurons
innervating hindlimb skeletal muscle. For Western blot

analysis, 15 WKY and 17 SHR rats were anaesthetized
with pentobarbital sodium (75 mg kg−1, I.P.). The soleus
(containing mainly slow oxidative fibres), white gastro-
cnemius (containing highly glycolytic fibres) and DRGs
(L4, L5 and L6) were rapidly removed. The tissue was
lysed with celLytic MT mammalian tissue lysis/extraction
reagent and a mixture of protease inhibitor cocktail
(Sigma). The lysates were centrifuged at 10,000 g for
10 min at 4◦C. Protein concentration was measured via
the BCA protein assay method using bovine serum
albumin as standard. Protein was denatured by heating
at 100◦C for 5 min and loaded onto a 10% SDS-PAGE
gel along with protein standards (Bio-Rad Laboratories,
Hercules, CA, USA) in a separate lane for electrophoresis
and then transferred to a pure nitrocellulose membrane
(0.2 μm). The membrane was blocked in 5% non-fat
milk in 0.1% Tween–Tris-buffered saline (TBS) buffer
for 1 h, and was probed overnight with a rabbit poly-
clonal antibody against TRPv1 receptors (1:100 dilutions,
Santa Cruz Biotechnology, Santa Cruz, CA, USA). Sub-
sequently, the membrane was incubated with a secondary
antibody of goat anti-rabbit IgG-HRP (1:10000 dilutions,
Santa Cruz Biotechnology). Protein signals were detected
by an enhanced chemiluminescent reagent (Thermo
Scientific) and analysed using ImageJ software (NIH).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
1:48000 for skeletal muscles, 1:3000 for DRGs) was used
to verify equal protein loading in each lane. Values for
densities of TRPv1/GAPDH were determined from the
same lane and normalized to a WKY sample.

Protocol 5: direct electrical activation of skeletal muscle
afferent fibres. In a set of corollary experiments, the
sciatic nerve was electrically stimulated in WKY (n = 5)
and SHR (n = 5) to directly and maximally activate
afferent fibres innervating hindlimb skeletal muscle. The
purpose of this manoeuvre was to assess the cardiovascular
response to afferent fibre stimulation independent of
their activation by nerve ending receptors (e.g. the
TRPv1 receptor). The decerebrated rats were paralysed
with pancuronium bromide (1 mg kg−1, I.V.). The right
sciatic nerve was carefully exposed and placed on
bipolar stimulating electrodes. The right sciatic nerve was
electrically stimulated (20 Hz, 0.75 ms) for 30 s at current
intensities which evoked a maximal pressor response
(Tsuchimochi et al. 2011). Since electrical stimulation of
the sciatic nerve interferes with nerve activity recordings,
RSNA data were not obtained during execution of this
protocol.

Data acquisition and statistical analyses

MAP, HR, RSNA and contractile force data
were acquired, recorded and analysed using data
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acquisition software (LabChart, ADInstruments) for the
Powerlab analog-to-digital convertor (Powerlab8/30,
ADInstruments) at a 1 kHz sampling rate. To analyse
RSNA, full-wave rectified signals of RSNA as well as
background noise signals were obtained. To confirm
that SNA signals were recorded from postganglionic
renal sympathetic fibres, an intravenous infusion of
hexamethonium bromide (60 mg kg−1) was given to
abolish SNA at the conclusion of all experiments. RSNA
background noise was determined over a 30 min period
after the insentient decerebrated animal was humanely
killed by intravenous injection of saturated potassium
chloride (4 M, 2 ml kg−1). The noise signal component,
which was defined as the signal recorded post mortem,
was subtracted from rectified RSNA. To quantify RSNA
responses to muscle contraction, basal measurements
were obtained by taking the mean value of 30 s of baseline
data immediately prior to the manoeuvre. This mean was
considered 100% of basal RSNA. Subsequently, relative
changes in RSNA (�RSNA,%) from this baseline were
evaluated. Data sets of 1 s averages for MAP, HR, RSNA
and hindlimb tension were analysed. Baseline values for all
variables were determined by evaluating 30 s of recorded
data before a muscle contraction. The peak response of
each variable was defined as the greatest change from
baseline elicited by contraction. Tension–time index (TTI,
kg s) was calculated by integrating the developed tension
(integrated total tension minus integrated baseline
tension prior to the manoeuvre) during the contraction
period.

Data were analysed using Student’s unpaired t tests
(WKY vs. SHR), two-way (rat group × occlusion effect,
rat group × drug effect), and three-way repeated measures
ANOVA (rat group × occlusion effect × time effect, rat
group × drug effect × time effect). If significant inter-
action and main effects were observed with ANOVA, a post
hoc Tukey’s test was used to identify differences between
specific group means. The significance level was set at
P < 0.05. Results are presented as means ± SEM.

Results

Morphometric characteristics and baseline haemo-
dynamics for WKY and SHR are presented in Table 1. Base-
line MAP as well as the heart weight to body weight ratio
and heart weight to tibial length ratio were significantly
higher in SHR than WKY.

Representative tracings from SHR of arterial blood
pressure and RSNA responses to static muscle contraction
under freely perfused (free) and ischaemic conditions
both without (occlusion) and with the intra-arterial
administration of capsazepine (occlusion+capz) are
presented in Fig. 1. Under freely perfused conditions,
the pressor, tachycardic and sympathetic responses

Table 1. Morphometric characteristics and baseline haemo-
dynamics

WKY SHR

n 31 33
Body weight (g) 345 ± 3 334 ± 3∗

Heart weight/body weight
(mg g−1)

2.81 ± 0.06 3.15 ± 0.03∗

Heart weight/tibial length
(mg mm−1)

25.3 ± 0.5 28.6 ± 0.4∗

Lung weight/body weight
(mg g−1)

7.31 ± 0.27 6.98 ± 0.18

MAP (mmHg) 85 ± 5 126 ± 5∗

HR (beats min−1) 500 ± 7 486 ± 10
Baseline signal to noise

ratio for RSNA
4.3 ± 0.5 4.0 ± 0.3

Values are means ± SEM. ∗P < 0.05 compared to WKY rats.

Table 2. The peak tension and TTI during muscle contraction
under freely perfused or ischaemic conditions (protocol 1)

WKY SHR

Peak tension (g)
Freely perfused 725 ± 46 615 ± 40
Occluded 716 ± 48 664 ± 47

TTI (kg s)
Freely perfused 15.2 ± 1.1 14.1 ± 0.9
Occluded 14.5 ± 1.2 15.0 ± 1.1

Values are means ± SEM. There were no significant differences
among groups and trials.

(Fig. 2A–I) to stimulation of the EPR during static muscle
contraction were exaggerated in hypertensive compared
to normotensive rats (rats group × time effect, MAP:
P < 0.05; HR: P < 0.05, RSNA: P < 0.05). Importantly,
the magnitude of the increases in MAP and RSNA
during circulatory occlusion compared to freely perfused
conditions was markedly greater in SHR compared to
WKY (Fig. 2A and G; rat group × occlusion effect; MAP:
P < 0.05, RSNA: P < 0.05). In hypertensive rats, the
peak and integrated MAP responses to contraction, but
not HR and RSNA, were significantly augmented by
circulatory occlusion (Fig. 2B–C, E–F and H–I). Table 2
summarizes peak tension and TTI developed during
muscle contraction under freely perfused or ischaemic
conditions in WKY and SHR. These variables were not
significantly different between groups or trials.

Capsaicin-induced increases in MAP but not HR
(Fig. 3A and B) were significantly greater in SHR as
compared to WKY. In the present study, a similar
response pattern as that demonstrated for MAP was
observed for RSNA (Fig. 3C). Capsazepine attenuated
the MAP (Fig. 3D), HR (Fig. 3E) and RSNA (Fig. 3F)
responses to capsaicin administration. These reductions
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were statistically significant in SHR except with regard
to HR. The magnitude of reduction in MAP and RSNA
was significantly greater in SHR compared to WKY (rat
group × drug effect: P < 0.05).

The administration of capsazepine into the arterial
supply of the hindlimb during ischaemic muscle
contraction significantly attenuated the increases in MAP
and RSNA, but not HR, as compared to saline control trials
performed under ischaemic conditions (Fig. 4A–I ; drug
effect, MAP: P < 0.05; HR: P = 0.29; RSNA: P < 0.05).
Notably, the magnitude of the capsazepine-induced
reduction in MAP, HR and RSNA was significantly greater
in SHR compared to WKY (Fig. 4A, D and G; rat
group × drug effect, MAP: P < 0.05; HR: P < 0.05; RSNA:
P < 0.05). In hypertensive rats, the peak MAP response
to ischaemic contraction, but not the HR and RSNA
response, was significantly reduced by pharmacologically
antagonizing the TRPv1 receptor with capsazepine
(Fig. 4B, E and H). The integrated RSNA response

Table 3. The peak tension and TTI during ischaemic muscle
contraction under saline or capsazepine conditions (protocol 3)

WKY SHR

Peak tension (g)
Saline 709 ± 52 664 ± 59
Capsazepine 645 ± 49 601 ± 57

TTI (kg s)
Saline 14.6 ± 1.3 14.8 ± 1.4
Capsazepine 12.8 ± 1.1 13.8 ± 1.5

Values are means ± SEM. There were no significant differences
among groups and trials.

to ischaemic contraction, but not the integrated MAP
(P = 0.08) and HR responses, was significantly attenuated
by capsazepine (Fig. 4C, F and I). Table 3 summarizes peak
tension and TTI developed during muscle contraction
under saline or capsazepine conditions in WKY and SHR.
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These variables were not significantly different between
groups or trials. Compared to saline administration,
capsazepine injection likewise attenuated the MAP
response to contraction under freely perfused conditions
(SHR: 40 ± 6 vs. 35 ± 6 mmHg, respectively; WKY: 15 ± 2
vs. 9 ± 2 mmHg, respectively; data not shown in figures).
Similarly, RSNA responses to contraction under freely
perfused conditions during saline injection were reduced
by TRPv1 blockade during capsazepine administration
(SHR: 137 ± 18 vs. 117 ± 13%, respectively; WKY: 63 ± 7
vs. 37 ± 6%, respectively; data not shown in figures).

Western blot analysis demonstrated that the density of
TRPv1 expression was significantly increased by 90 ± 27%
in the DRG of SHR compared to WKY (Fig. 5A). However,

no significant differences in TRPv1 protein expression
were detected in the soleus (Fig. 5B) and the gastrocnemius
muscles of the two animal groups (Fig. 5C).

The peak pressor response evoked by direct electrical
stimulation of the sciatic nerve was significantly greater in
SHR compared to WKY (Fig. 6A). The peak tachycardic
response between the two groups was not significantly
different in response to this perturbation (Fig. 6B).

Discussion

The major findings from this investigation were (i)
the MAP and RSNA responses to ‘supra-stimulation’
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of the muscle metaboreflex during ischaemic muscle
contraction are markedly augmented in hypertensive
compared to normotensive animals; (ii) the pressor
and sympathetic responses to selective stimulation of
chemically sensitive afferent fibres in skeletal muscle via
stimulation of TRPv1 receptors are enhanced in SHR
compared to WKY; (iii) blockade of skeletal muscle TRPv1
receptors during ‘supra-stimulation’ of the metaboreflex
(i.e. ischaemic contraction) and full activation of the
EPR (i.e. freely perfused contraction) significantly reduces
reflex-mediated increases in MAP and RSNA in hyper-
tensive rats; (iv) protein expression of the TRPv1 receptor
in the DRG, but not soleus and gastrocnemius muscles,
is significantly greater in hypertensive compared to

normotensive rats; and (v) the pressor response to direct
activation of skeletal muscle afferent fibres via electrical
sciatic nerve stimulation is significantly greater in SHR
compared to WKY. Collectively, these findings support
the contention that muscle metaboreflex function is
exaggerated in hypertension. Further, this investigation
provides evidence that the abnormally large increases in
SNA and MAP mediated by the metaboreflex in this disease
are evoked, in part, by activation of TRPv1 receptors in
skeletal muscle.

As stated previously, initial investigations in humans
assessing metaboreflex function in hypertension have
produced conflicting results reporting both reductions
and enhancements in metaboreflex sensitivity with the
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manifestation of disease (Rondon et al. 2006; Sausen
et al. 2009; Delaney et al. 2010). The current investigation
was designed to address these discrepancies with the
results supporting the conclusion that the metaboreflex
is exaggerated in hypertension. It must be noted, however,
that other factors may have contributed to the disparate
results in humans. For example, in the study in which
Rondon et al. (2006) demonstrated that the SNA and MAP
responses to metaboreflex activation were blunted, the
patient population was middle-aged (mean age 42 years).
In studies by Sausen et al. (2009) and Delaney et al.
(2010) in which the metaboreflex was demonstrated
to be overactive, the patient population was older
(mean age ≥60 years). As hypertension is a progressively
developing disease, it is quite possible that metaboreflex
dysfunction presents differently at various stages of disease
progression and may be the key to reconciling the apparent
conflicting results. Additional factors such as the type

and length of anti-hypertensive treatment and time since
disease onset could also play a role. Additional studies in
both animals and humans are warranted to address these
important questions.

This study was also designed to identify a receptor
mechanism underlying metaboreflex dysfunction in
hypertension. To this end, blockade of the TRPv1 receptor
partially corrected metaboreflex overactivity in SHR
supporting a role for this receptor in the manifestation
of abnormal reflex function. Interestingly, the role of
the TRPv1 receptor in the development of metaboreflex
dysfunction appears to be different in hypertension as
compared to the closely related cardiovascular disease
heart failure. It has been demonstrated previously that the
expression of mRNA for the TRPv1 receptor is decreased
in the DRG of CHF rats as compared to sham-treated
animals (Smith et al. 2005). In agreement, Wang et al.
(2010) recently reported that protein expression for the
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TRPv1 receptor was likewise decreased in the DRG of
CHF rats compared to control animals. Further, compared
with normal rats, both the pressor response (Smith et al.
2005) and the discharge of chemically sensitive group IV
afferents (Wang et al. 2010) were reduced in response
to the intra-arterial administration of capsaicin in CHF
animals. In contrast, TRPv1 protein expression in the DRG
was upregulated and the muscle metaboreflex augmented
in hypertensive compared to normotensive animals in
the current study. The reasons for these differences in
metaboreflex function between hypertension and heart
failure are at present not clear. Speculatively, it seems
plausible to suggest that the heightened metaboreflex
function that manifests, most likely progressively, in
hypertension is reversed as heart failure develops from
prolonged exposure to chronic high blood pressure.
Decreases in cardiac output and peripheral blood flow
are hallmark features of heart failure. Reductions in
skeletal muscle blood flow could abrogate the ability
to remove metabolites produced by muscle contraction
leading to, over the long term, a down-regulation of
receptors responsible for activating the metaboreflex. As
such, the metaboreflex may become desensitized in heart
failure. The mechanisms underlying the sequalae of events
in both hypertension and heart failure remain to be
thoroughly investigated. Collectively, these studies suggest
that the skeletal muscle TRPv1 receptor is likely to play an
important role in determining metaboreflex function in
both hypertension and heart failure.

The mechanisms underlying the generation of
augmented metaboreflex activity in hypertension remain
unclear. It is known that a mismatch between
blood/oxygen supply and demand activates the muscle
metaboreflex (Mitchell et al. 1983). To this end, essential
hypertension is associated with a reduction in the
microvascular network of several tissues (including
skeletal muscle) which could increase vascular resistance
within muscle during exercise (Hansen et al. 2010).
Further, functional sympatholysis, the normal blunting
of sympathetic vasoconstriction in exercising muscle
(Remensnyder et al. 1962), has recently been shown
to be impaired in hypertensive patients (Vongpatanasin
et al. 2011). These factors alone could reduce blood flow
to working skeletal muscle and impede the removal of
metabolites produced during physical activity. As such,
the receptors responsible for activation of the metaboreflex
could be ‘supra-stimulated’ leading to an augmentation in
reflex function.

An increase in the density of chemically sensitive skeletal
muscle receptors is another plausible explanation for the
enhanced metaboreflex sensitivity demonstrated in hyper-
tension. In support of this possibility, protein expression
for the TRPv1 receptor was found to be increased in the
DRG of hypertensive rats in the current study. Surprisingly,
however, TRPv1 protein expression in the soleus

and gastrocnemius muscles, where the afferent nerve
endings reside, did not differ between WKY and SHR.
These results suggest that either (i) the increased amount
of TRPv1 produced in the DRG is not transported to the
afferent nerve endings or (ii) the TRPv1 being produced
is going to other tissues subserved by the DRG (e.g.
skin, joint). In addition, yet another factor could be at
play. It is quite feasible that, although the expression
of TRPv1 is not different between WKY and SHR in
skeletal muscle, the number of active phosphorylated
proteins is enhanced in hypertensive animals. For example,
capsaicin-activated inward currents elicited via activation
of TRPv1 receptors is largely modulated by protein kinase
C-mediated phosphorylation (Mandadi et al. 2006). In
some instances, even when TRPv1 protein expression
is reduced (e.g. diabetic rats with peripheral neuro-
pathy), the phosphorylation of TRPv1 is enhanced leading
to increased functional activity (Hong & Wiley, 2005).
Whether a similar situation exists within the skeletal
muscle of hypertensive rats remains to be investigated.

Alternatively, it is plausible that metaboreflex over-
activity manifests, in conjunction with or independent
from the aforementioned possibilities, as a result of
changes in the mechanisms by which afferent signals are
processed within the central nervous system (CNS). In
the current study, bypassing the skeletal muscle afferent
nerve endings by directly stimulating sensory fibres within
the sciatic nerve elicited a markedly enhanced pressor
response in SHR. This opens the possibility that the same
level of muscle afferent nerve traffic in WKY and SHR is
interpreted differently within the CNS and may contribute
to the disparity in cardiovascular responsiveness between
the two groups of animals. Speculatively, metaboreflex
overactivity in hypertension is not likely to be mediated
solely by one mechanism, but a combination of several.

Analytical and methodological considerations

Several analytical and methodological issues should
be considered when interpreting the findings of
the current study. To begin with, both the peak
(Fig. 2B) and integrated (Fig. 2C) pressor response to
‘supra-stimulation’ of the muscle metaboreflex during
ischaemic muscle contraction were markedly augmented
in hypertensive compared to normotensive animals. In
contrast, the peak HR and MSNA responses were not
significantly augmented by ‘supra-stimulation’ of the
reflex. We recently demonstrated that selective activation
of the muscle mechanoreflex elicits greater increases in
RSNA in hypertensive compared to normotensive rats
(Mizuno et al. 2011). Further, the abnormally large
reflex-induced augmentations in RSNA were shown to
be attenuated by blockade of skeletal muscle mechano-
receptors (Mizuno et al. 2011). These results suggest that
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the accentuated sympathetic responsiveness is evoked, in
part, by the muscle mechanoreflex. Since the peak RSNA
response occurred at the onset of muscle contraction (less
than 3 s) in most animals within this study, consistent
with mechanoreflex activation, ‘supra-stimulation’ of the
muscle metaboreflex may not have affected the peak
response (Fig. 2H). However, ‘supra-stimulation’ of the
metaboreflex did exhibit an affect when the full time
course of the RSNA response was considered (Fig. 2G),
consistent with the known activation properties of
metabolically sensitive afferent fibres (onset delayed 5–20 s
after initiation of contraction). In fact, the integrated,
but not the peak, RSNA response during ischaemic
muscle contraction was significantly attenuated by
local capsazepine administration (Fig. 4I). This strongly
suggests that activation of the TRPv1 receptor contributes
to the elicitation of the exaggerated sympathetic response
to ischaemic muscle contraction in hypertensive rats.

With regard to the metabolites that potentially stimulate
the TRPv1 receptor, intracellular pH dramatically
decreases during exercise both in humans (Pan et al. 1988)
and in rats (Giannesini et al. 2007) implicating protons as
a viable candidate. Capsazepine inhibits proton-induced
channel activation (Fox et al. 1995; Tominaga et al.
1998; Liu et al. 2004; Dang et al. 2005). However, there
are conflicting reports that capsazepine does not fully
antagonize the pH site on the TRPv1 receptor (Vyklicky
et al. 1998; Habelt et al. 2000; Ugawa et al. 2002).
This may explain, in part, why capsazepine was only
partially effective in blocking the cardiovascular response
to ischaemic exercise. Alternatively, it is also possible
that the TRPv1 receptor was activated by a ligand other
than protons. For example, we previously reported that
capsazepine partially attenuates the pressor response to
local hindlimb intra-arterial injection of anandamide,
an endogenously produced cannabinoid, in normal rats
(Williams et al. 2008). Further, lipooxygenase products are
known to activate TRPv1 receptors (Hwang et al. 2000)
and may play a role in modulating muscle reflex-mediated
sympathetic responses (Rotto et al. 1990; Gao et al.
2008). Conversely, since the temperature threshold for
TRPv1 is approximately 43◦C (Caterina et al. 1997), heat
production in skeletal muscle at the onset of intense
exercise (∼0.2◦C at 30 s) (Gonzalez-Alonso et al. 2000)
does not seem a likely candidate for receptor activation.
It should be noted that the dose of capsazepine used in
this study was chosen as it has been shown to effectively
attenuate, but not abolish, the cardiovascular response to
activation of the EPR (Smith et al. 2010). Therefore, it is
possible that TRPv1 receptors were not completely blocked
in these experiments and thus their contribution to
metaboreflex activation in hypertension underestimated.

It should also be noted that, in addition to the
TRPv1 receptor, it is likely that other skeletal muscle
receptors and/or ion channels localized to chemically

sensitive afferent fibres mediate, in part, metaboreflex
overactivity in hypertension. For example, acid-sensing
ion channels are known to contribute importantly to the
metaboreflex in healthy cats (Hayes et al. 2007; McCord
et al. 2009). Evidence to support the potential involvement
of other receptors in the activation of the metaboreflex
has also been reported including, but not limited to,
the ATP receptors P2X2/3 and P2X3, the bradykinin
receptor B2 and the cannabinoid receptor CB1 (Pan et al.
1993; Williams et al. 2008; McCord et al. 2010). Clearly,
more research is necessary to definitively determine the
skeletal muscle receptors and ligands mediating altered
metaboreflex function in this disease.

Finally, during exercise the autonomic nervous system
is regulated by integrating neural input from not only the
EPR but also central command (Goodwin et al. 1972) and
the arterial baroreflex (Potts et al. 1993). The decerebration
procedure used in the present study removes the areas of
the cerebral cortex from which central command signals
arise. In addition, muscle contraction was electrically
and involuntarily evoked; a manoeuvre that does not
engage central command. As a result, central command
was unlikely to contribute to the pressor and sympathetic
responses elucidated in the present study. In hypertension,
baroreflex sensitivity is attenuated (Moreira et al. 1992;
Lanfranchi & Somers, 2002; Minami et al. 2003). It
is possible that the exaggerated metaboreflex function
demonstrated in hypertensive animals is due to a decrease
in the buffering capacity of the baroreflex. However, we
have previously demonstrated that baroreflex impairment
in hypertension contributes minimally to altered skeletal
muscle reflex function in SHR (Smith et al. 2006).

Clinical significance

It has recently been demonstrated that normotensive
individuals displaying an exaggerated blood pressure
response to exercise are more likely to develop future
hypertension and are at a greater risk for cardiovascular
death (Weiss et al. 2010). Early detection of this abnormal
response to physical activity could potentially lead to
the early treatment and prevention of hypertension in
these individuals. Clearly, a better understanding of the
pathophysiology generating the abnormal cardiovascular
response to exercise would help facilitate this endeavour.
In individuals with established hypertension, exercise has
been shown to improve cardiovascular health and is a
viable non-pharmacological treatment for chronic high
blood pressure (Dengel et al. 1998). However, there are
risks associated with physical activity in hypertension
that must be taken into account before its prescription
(Hoberg et al. 1990; Mittleman et al. 1993; Mittleman
& Siscovick, 1996). Again, dissection of the mechanisms
underlying the aberrant circulatory response to exercise
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in hypertension may prove beneficial to the development
of novel therapeutic strategies targeted at reducing the
risks associated with physical activity in this disease. To
this end, the current study has identified the skeletal
muscle metaboreflex, specifically the TRPv1 receptor, as
a potential target for the treatment of cardiovascular
hyper-excitability during exercise in hypertension.
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