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Sala-Mercado JA, Spranger MD, Abu-Hamdah R, Kaur J, Cout-
sos M, Stayer D, Augustyniak RA, O’Leary DS. Attenuated muscle
metaboreflex-induced increases in cardiac function in hypertension. Am J
Physiol Heart Circ Physiol 305: H1548–H1554, 2013. First published
September 6, 2013; doi:10.1152/ajpheart.00478.2013.—Sympathoacti-
vation may be excessive during exercise in subjects with hyperten-
sion, leading to increased susceptibility to adverse cardiovascular
events, including arrhythmias, infarction, stroke, and sudden cardiac
death. The muscle metaboreflex is a powerful cardiovascular reflex
capable of eliciting marked increases in sympathetic activity during
exercise. We used conscious, chronically instrumented dogs trained to
run on a motor-driven treadmill to investigate the effects of hyper-
tension on the mechanisms of the muscle metaboreflex. Experiments
were performed before and 30.9 � 4.2 days after induction of
hypertension, which was induced via partial, unilateral renal artery
occlusion. After induction of hypertension, resting mean arterial
pressure was significantly elevated from 98.2 � 2.6 to 141.9 � 7.4
mmHg. The hypertension was caused by elevated total peripheral
resistance. Although cardiac output was not significantly different at
rest or during exercise after induction of hypertension, the rise in
cardiac output with muscle metaboreflex activation was significantly
reduced in hypertension. Metaboreflex-induced increases in left ven-
tricular function were also depressed. These attenuated cardiac re-
sponses caused a smaller metaboreflex-induced rise in mean arterial
pressure. We conclude that the ability of the muscle metaboreflex to
elicit increases in cardiac function is impaired in hypertension, which
may contribute to exercise intolerance.

exercise; pressor response; arterial pressure; vasoconstriction; ergore-
ceptors

DYNAMIC EXERCISE elicits workload-dependent increases in sym-
pathetic activity, heart rate (HR), cardiac output (CO), and
arterial blood pressure. The increases in arterial blood pressure
during exercise may be exaggerated in hypertensive subjects,
thereby increasing risk factors for cardiac arrhythmia, infarc-
tion, stroke, and sudden cardiac death (5, 10, 32, 49, 57). A
potential source for the enhanced sympathoactivation in re-
sponse to exercise in hypertension is the muscle metaboreflex,
a powerful pressor response triggered by afferent nerve end-
ings within the active skeletal muscle that respond to the
accumulation of metabolites (1, 30, 39, 71). In humans, recent
studies support (17, 56) and refute (50) enhanced metaboreflex
responsiveness in hypertension. Using a decerebrate rat model,
Smith and colleagues (38, 43, 44, 61) concluded that the
increases in arterial pressure and renal sympathetic nerve

activity in response to stimulation of muscle metaboreceptors
are enhanced in spontaneously hypertensive rats (SHR) vs.
normotensive (Wistar-Kyoto) controls.

Muscle metaboreflex-induced increases in arterial pressure
during exercise can occur via increases in CO and/or peripheral
vasoconstriction. The relative roles of each of these may be
intimately dependent on how the reflex is activated and the
contractile abilities of the heart. For example, in heart failure,
the ability of the reflex to increase CO is markedly attenuated,
yet the peripheral vasoconstrictor responses are enhanced (13,
22, 33). Furthermore, mechanisms mediating metaboreflex
pressor responses may also depend on the type and intensity of
the exercise, as well as whether the reflex is activated during
exercise or during postexercise recovery (63). Also, compari-
son of responses across different groups of individuals or
animals of different genetic strains can introduce further sec-
ondary complexities, which may complicate the conclusions.

In the present study we investigated the effects of hyperten-
sion on the strength and mechanisms of the muscle metabore-
flex in a longitudinally designed experiment. We studied the
same animals before and after induction of hypertension. The
muscle metaboreflex was activated during mild dynamic exer-
cise, a setting in which cardiac reserve is substantial (23). We
found that the CO component of the reflex was markedly
reduced after induction of hypertension. This restrained ability
of the reflex to raise CO may contribute to exercise intolerance
in hypertensive subjects.

METHODS

Seven adult female mongrel dogs (�20–25 kg) were selected on
the basis of their willingness to run on a motor-driven treadmill. There
was no intent for selection based on sex. The protocols used in the
present study were reviewed and approved by the Institutional Animal
Care and Use Committee of Wayne State University and complied
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Each animal was instrumented via two sterile surgical procedures:
left thoracotomy and left abdominal retroperitoneal surgery, in that
order. The animals were initially sedated with acepromazine (0.4–0.5
mg/kg im) and anesthetized with a combination of ketamine and
diazepam (5.0 and 0.22 mg/kg iv, respectively). Anesthesia was
maintained with isoflurane gas (1–3%) following endotracheal intu-
bation. Cefazolin (antibiotic, 30 mg/kg iv), carprofen (analgesic, 2.0
mg/kg iv), buprenorphine (analgesic, 0.01 mg/kg im), and fentanyl
[analgesic, 125–175 �g/h (72 h) total daily dose] were administered
preoperatively. Prior to the left thoracotomy, bupivacaine HCl (2.0
mg/kg) was administered to achieve selective intercostal nerve block-
ade. After each surgical procedure, animals received cefazolin (30
mg/kg iv) and prophylactic cephalexin [antibiotic, 30 mg/kg (twice
per day) po] therapy for the term of the experimental protocol. During
the 12-h postoperative period, animals were closely monitored and
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received buprenorphine and acepromazine (0.05 and 0.5 mg/kg iv,
respectively) as needed to control any potential discomfort. For the
following 10 days, animals received carprofen [4 mg/kg (once per
day) po].

In the first surgical procedure, the thoracic cavity was opened via
a left thoracotomy (4th intercostal space) approach. An ultrasonic
perivascular flow probe (model 20PAU, Transonic Systems) was
positioned around the ascending aorta to measure CO. Approximately
10 cm caudal to the thoracotomy incision, an implantable telemetry
blood pressure transmitter (model TA11 PA-D70, Data Sciences
International) was tethered subcutaneously. The catheter of the trans-
mitter was tunneled into the thoracic cavity through the seventh
intercostal space, and the tip was inserted and secured inside the left
ventricle for measurement of left ventricular pressure (LVP). For
studies unrelated to the present investigation, a blood flow transducer
was also placed on the left circumflex artery. The pericardium was
loosely reapproximated, the cables were tunneled subcutaneously and
exteriorized between the scapulae, and the chest was closed in layers.

After �10 days of recovery, via a left retroperitoneal approach, the
abdominal aorta was exposed and an ultrasonic perivascular flow
probe (model 10PAA, Transonic Systems) was positioned around the
terminal aorta for measurement of hindlimb blood flow (HLBF). All
arterial side branches between the common iliac arteries and the flow
probe were ligated and severed. Two perivascular hydraulic occluders
(8–10 mm; DocXS Biomedical Products) were positioned around the
terminal aorta distal to the flow probe to reduce HLBF for metabore-
flex activation. A catheter was advanced through a ligated lumbar artery
and secured into the terminal aorta cranial to the probe and occluders to
measure arterial pressure. A blood flow transducer and vascular occluder
were placed on the left renal artery. The cables and vascular occluder
tubing were tunneled subcutaneously and exteriorized between the scap-
ulae, and the abdomen was closed in layers.

Data acquisition. After �7 days of recovery, each animal was
brought to the laboratory and allowed to roam freely and acclimate for
�15–20 min. The animal was then directed onto the treadmill, where
the instrumentation was connected to the data acquisition system
(model TS420, Transonic Systems; blood flow meter, Gould; ampli-
fiers, Data Science International; telemetry system, LabScribe, iWorx).
The animal stood quietly on the treadmill for �10 min. The treadmill was
then started and adjusted to 3.2 km/h, and the animal walked until steady
state was achieved (�3–5 min). HLBF was reduced to activate the
muscle metaboreflex. After �1 min at steady state, the occluder was
deflated and the treadmill was stopped.

Induction of hypertension. After completion of control experi-
ments, hypertension was induced via the classical approach developed
by Goldblatt and colleagues (19, 20). Blood flow to the left kidney
was reduced to a target level of �30% of control via partial inflation
of the vascular occluder. The level of renal blood flow was checked at
least twice per day, and the vascular occluder was adjusted until renal
blood flow was stable. Hypertension gradually developed over the
next several weeks. We defined hypertension as systolic pressure
�140 mmHg and diastolic pressure �90 mmHg. The experiments
were repeated after 30.9 � 4.2 days of sustained hypertension. Thus
the experiments were longitudinal in nature, and each animal served
as its own control.

Data analysis. CO, HLBF, LVP, HR, and mean arterial pressure
(MAP) data were continuously recorded during each experiment.
Other parameters, including stroke volume (SV), nonischemic vascu-
lar conductance [NIVC, which is calculated as (CO � HLBF)/MAP
and reflects vascular conductance to all areas except the hindlimbs],
maximal and minimal rates of change in LVP (dP/dtmax and dP/dtmin),
and total peripheral resistance (TPR, calculated as MAP/CO), were
calculated offline. One-minute averages of steady-state data were
calculated at rest, during exercise, and during metaboreflex activation.
Average responses for each animal were analyzed via a two-way
repeated-measures ANOVA to compare hemodynamic data for the
effects of settings (rest, exercise, and metaboreflex activation) and

conditions (normal and hypertension). In the event of a significant
settings-condition interaction, a C-matrix test for simple effects was
performed. Values are means � SE; n � 7 for all data with the
exception of LVP, for which n � 5.

RESULTS

Table 1 shows the average levels of HLBF at rest, during
mild exercise, and during muscle metaboreflex activation in the
same animals before and after induction of hypertension. As
expected, HLBF rose with mild exercise and was significantly
lower with imposed hindlimb occlusion. There were no signif-
icant differences between control and hypertensive states. Af-
ter induction of hypertension, HLBF was reduced to the same
levels for metaboreflex activation as in the control experi-
ments.

Figure 1 shows the average values of MAP, CO, HR, SV,
dP/dtmax, dP/dtmin, and NIVC at rest, during mild exercise, and
with muscle metaboreflex activation in control experiments and in
the same animals after induction of hypertension. Figure 2 shows
the changes in these variables in response to exercise and in
response to metaboreflex activation before and after induction of
hypertension. At rest, MAP was substantially elevated after in-
duction of hypertension, which was due to peripheral vasocon-
striction. TPR increased at rest from 29.0 � 1.8 to 39.3 � 3.4
mmHg·l�1·min after induction of hypertension (P � 0.01). There
was no significant change in CO. HR was slightly, but signifi-
cantly, higher, whereas SV was slightly lower; however, this
difference was not statistically significant. On average, dP/dtmax was
slightly elevated after induction of hypertension, and this difference
approached statistical significance (P � 0.06), whereas dP/dtmin was
significantly different after induction of hypertension.

The cardiovascular responses from rest to steady-state mild
exercise were similar before and after induction of hyperten-
sion with two exceptions. Whereas CO at rest and during mild
exercise was not statistically affected by hypertension, the
change in CO from rest to exercise was slightly lower after
induction of hypertension. Furthermore, vasodilation in the
active skeletal muscle was also smaller after induction of
hypertension, as evidenced by the smaller rise in NIVC as well
as hindlimb vascular conductance (�6.0 � 0.5 vs. �3.5 � 0.4
ml·min�1·mmHg�1). From rest to mild exercise, similar in-
creases in HR and CO occurred in each condition, and no
significant changes from rest occurred in MAP or dP/dtmax. In
contrast, hypertension markedly affected the responses to
metaboreflex activation. In control experiments, metaboreflex
activation caused substantial increases in MAP, HR, CO,
dP/dtmax, and dP/dtmin. After induction of hypertension, the
metaboreflex pressor responses were attenuated due to much
smaller cardiac responses. The reflex increases in HR, CO, and
ventricular function were significantly smaller in hypertension.

Table 1. Hindlimb blood flow at rest, during exercise, and
during muscle metaboreflex activation before and after
induction of hypertension

Normal Hypertension

Rest 0.68 � 0.07 0.83 � 0.08
Ex 1.29 � 0.10 1.30 � 0.10
Ex � MMA 0.45 � 0.03 0.41 � 0.05

Values are means � SE in l/min. Ex, exercise; MMA, muscle metaboreflex
activation.
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In control experiments, NIVC rose significantly with metabore-
flex activation, and this rise in NIVC was significantly smaller
after induction of hypertension.

DISCUSSION

This is the first study to investigate the effects of hyperten-
sion on the mechanisms of the muscle metaboreflex during
dynamic exercise in conscious subjects. Our major new finding
is that although the cardiovascular responses to mild exercise
are little changed from normal, the increases in ventricular
function with muscle metaboreflex activation are markedly
impaired in hypertension. This results in a smaller rise in CO
and arterial pressure and, therefore, likely limits the ability of
the muscle metaboreflex to restore blood flow to the ischemic
active skeletal muscle.

Few studies have examined the effects of hypertension on
the muscle metaboreflex, and the conclusions have been some-
what mixed on whether the reflex is accentuated or attenuated,
with most studies showing an enhanced response. For all the
studies in humans (17, 50, 56), the technique of postexercise
muscle ischemia (PEMI) was used to isolate the effects of the
muscle metaboreflex during the recovery from exercise. Ron-
don et al. (50) observed that muscle sympathetic nerve activity
(MSNA) was higher at rest and during handgrip exercise in
middle-aged never-treated hypertensive subjects. However,
during PEMI, MSNA returned to baseline levels, whereas it
remained elevated in normotensive controls. In both groups,
the rise in MAP in response to exercise was similar and was
maintained during PEMI. How arterial pressure could remain
elevated, yet MSNA could decline, in the hypertensive subjects
was not addressed and may indicate that MSNA does not
reflect sympathetic activity in all vascular beds. Using similar
methodology, others observed that the pressor (17, 56) and
MSNA (17) responses to handgrip and PEMI were enhanced in
older hypertensive subjects. An enhanced pressor response
during PEMI was also observed in prehypertensive young
adults (10).

The only previous animal studies investigating the effect of
hypertension on the muscle metaboreflex were performed by
Smith and colleagues using a decerebrate rat model. They
found that the pressor (38, 43) and renal sympathetic nerve
activity (43) responses to intra-arterial infusion of capsaicin
into the hindlimb were accentuated in SHR vs. Wistar-Kyoto
(control normotensive) rats. Capsaicin activates transient re-
ceptor potential vanilloid (TRPv1) receptors, which exist on
group IV afferents (24). Many metaboreceptors are group IV
afferents, as are other afferents, including nociceptors (30).
Furthermore, Mizuno et al. (43) recently demonstrated that the
pressor response to ischemic electrically induced static muscle
contraction of the hindlimb was accentuated in the SHR and
that this could be attenuated by an antagonist of the TRPv1
receptor. These investigators concluded that the muscle
metaboreflex is accentuated in hypertension and that sensitiza-
tion of the metaboreceptor may play a key role.

In the present study, the rise in MAP with muscle metabore-
flex activation was attenuated after induction of hypertension.
A key difference between the present and previous studies is
that we activated the muscle metaboreflex during dynamic
exercise, rather than during recovery from exercise (e.g., dur-
ing PEMI) or during electrically induced static muscle contrac-
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Fig. 1. Hemodynamic values during rest, mild exercise (Ex), and muscle
metaboreflex activation (MMA) before (open bars) and after (filled bars)
induction of hypertension. dP/dtmax and dP/dtmin, maximal and minimal rates
of change in left ventricular pressure, respectively. *P � 0.05 between
conditions. †P � 0.05 vs. previous setting.
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tion or intra-arterial infusion of drugs. These differences in
settings may likely affect the mechanisms mediating the
metaboreflex responses and possibly the afferent activity elic-
iting the reflex. Ischemia during exercise may sensitize affer-
ents that are also mechanosensitive, as many group III and IV

afferents are polymodal (29–31, 52, 53). Whether mechanore-
ceptors continue activity during PEMI or whether intra-arterial
infusion of drugs elicits activity from receptors that are mecha-
nosensitive is unclear. When the reflex is activated during
dynamic exercise, the primary mechanism mediating the pres-
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(N)] and after induction of hypertension (HTN). *P � 0.05
between conditions.
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sor response is an increase in CO (6, 18, 34, 54, 72). In
contrast, during PEMI, the role of CO in mediating the pressor
response varies as HR declines with the recovery from exer-
cise, yet ventricular contractility remains elevated, which may
increase SV (7, 9, 13–15, 48, 60, 63). The extent to which the
metaboreflex pressor response in the studies in rats (38, 43)
occurs via an increase in CO vs. peripheral vasoconstriction is
unknown. However, given the small amount of tachycardia and
lack of skeletal muscle pump aiding ventricular preload, we
speculate that most, if not all, of the rise in MAP in these
studies is due to peripheral vasoconstriction. Other differences
between the current and previous studies are species and sex
used as the model. Findings from our canine studies on the
mechanisms mediating baroreflex and metaboreflex function
have been substantiated in humans (13, 47). In the present
study, because of animal availability, all animals were female.
No experiments were performed when the animals were in
estrus. Previously, we showed that, in normal dogs, sex differ-
ence has no significant effect on the strength or mechanisms of
the muscle metaboreflex (37).

In the present study, we saw a variable, but significant,
systemic vasodilation during metaboreflex activation, as we
have seen in some earlier studies (6, 11, 12, 34). This vasodi-
lation may be due to metaboreflex-mediated epinephrine re-
lease from the adrenal glands activating vascular �2-receptors
(35). It is also possible that, with reduced HLBF, work done by
nonischemic muscles may increase. NIVC reflects the sum of
conductance in all vascular beds except the ischemic hin-
dlimbs, and a large fraction of this is conductance to the other
active skeletal muscles (34). This increase in NIVC with
metaboreflex activation was significantly smaller after induc-
tion of hypertension, which may reflect exaggerated peripheral
vasoconstriction. In other settings when increases in ventricu-
lar function are limited (e.g., heart failure, pharmacological or
mechanical restrictions on cardiac function, or maximal exer-
cise), the metaboreflex elicits more pronounced peripheral
vasoconstriction (13, 22, 26, 58). Whether this increased pe-
ripheral sympathetic drive vasoconstricts the active muscle is
unknown.

Several factors, including alterations in receptor function,
central processing of the afferent signals, and depressed car-
diac responses, may explain the attenuated ability to increase
cardiac function after induction of hypertension. Inasmuch as
Mizuno et al. (43) concluded that metaboreceptors are sensi-
tized in hypertension, impaired afferent function is unlikely.
The pressor response induced by metaboreceptor stimulation is
normally buffered by the arterial baroreflex (34, 59). This
buffering is mediated primarily by attenuating or preventing
metaboreflex-induced peripheral vasoconstriction (34). Arte-
rial baroreflex gain (or strength) in the control of HR at rest is
diminished in hypertensive subjects (27, 62). Whether barore-
flex control of sympathetic activity is depressed in hyperten-
sion is controversial (16, 28, 40, 41, 51, 55, 65). To our
knowledge, no study has shown enhanced baroreflex sensitiv-
ity in hypertension. Therefore, improved baroreflex buffering
of metaboreflex-induced sympathoactivation is unlikely to ex-
plain the attenuated cardiac responses we observed after in-
duction of hypertension. Thus we would not expect that the CO
responses in hypertension would return to normal levels after
baroreceptor denervation, but this has yet to be investigated.
By definition, afterload is markedly elevated after induction of

hypertension, and this may contribute importantly to the im-
paired ability to further raise CO during metaboreflex activa-
tion. Previous studies have shown reduced cardiac contractile
responses to �-receptor stimulation in hypertension. This may
or may not be due to reduced cardiac �-receptor density (42).
Impaired �-receptor-mediated stimulation of adenylyl cyclase
has also been observed in hypertension (73), which may be
related to increased inhibitory G protein function (8). We
recently showed that the increase in cardiac sympathetic activ-
ity during metaboreflex activation functionally vasoconstricts
the coronary vasculature, and this restraint of coronary hyper-
emia limits increases in ventricular function (11, 12). This
metaboreflex-mediated coronary vasoconstriction is exacer-
bated after induction of heart failure (12). The extent to which
coronary vasoconstriction contributes to the impaired ventric-
ular function during metaboreflex activation in hypertension is
unknown.

Perspectives and significance. The Goldblatt model is a
widely used and well-characterized model of human renovas-
cular hypertension. The incidence of renal stenosis associated
with hypertension in humans is growing and is especially
prevalent in patients with concurrent coronary artery disease
(36, 67–70). A distinct advantage of this model is that we could
induce hypertension in our animals after completion of the
control studies, which allowed for a longitudinally designed
paired study where each animal served as its own control. This
form of hypertension is characterized by an initial marked
activation of the renin-angiotensin system; however, Verburg
et al. (66) showed that renin levels were no longer above
control levels after 2 wk of renovascular hypertension in dogs,
which would indicate that the sustained peripheral vasocon-
striction is mediated via elevated sympathetic activity. At rest,
our observation of significant tachycardia and faster dP/dtmin

after 	1 mo of sustained hypertension, along with the in-
creased TPR, is consistent with higher sympathetic activity.

Exercise in hypertensive subjects may elicit large increases
in sympathetic activity and arterial pressure, which may in-
crease risk factors for adverse cardiovascular events (5, 10, 32,
49, 57). The mechanisms mediating these responses remain
elusive. Inasmuch as ventricular dysfunction can result from
chronic hypertension, it is possible that skeletal muscle perfu-
sion may be compromised, especially during whole body,
dynamic exercise, which could elicit exaggerated activation of
the muscle metaboreflex. In the present study, the vasodilation
accompanying exercise was slightly attenuated during exer-
cise. This would not activate the muscle metaboreflex in our
model, since HLBF must be reduced substantially before the
metaboreflex is triggered during mild exercise (72), even in
animals with marked heart failure (22). Similar results were
observed in our preliminary studies: before and after hyperten-
sion, small decreases in HLBF caused no metaboreflex re-
sponses. However, during moderate exercise, this reflex ap-
pears to be tonically active, as any reduction in skeletal muscle
blood flow engages further pressor responses (6, 72). Recent
findings in humans also indicate a role for skeletal muscle
afferents in mediating the cardiovascular responses to rela-
tively moderate exercise (2). Thus, during moderate to heavy
exercise in hypertensive subjects, underperfusion of active
skeletal muscle, via inherent cardiac dysfunction or impaired
peripheral vasodilation, may elicit exaggerated metaboreflex
activation. Metaboreflex-induced peripheral vasoconstriction is
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buffered by the arterial baroreflex (34), and baroreflex function
may be impaired in hypertension (3, 27, 41, 55). Thus, en-
hanced metaboreflex stimulation combined with attenuated
baroreflex buffering may allow for exaggerated sympathoacti-
vation during exercise. This could engage a “vicious cycle”
positive-feedback scenario, further restraining skeletal muscle
(45) and even coronary (4, 11, 12, 25, 46) vasodilation, which could
further compromise cardiac function and further limit muscle perfu-
sion, ultimately until exercise intolerance develops (21).

In summary, in a longitudinally designed study, we found
that hypertension impairs muscle metaboreflex-mediated left
ventricular chronotropic, inotropic, and lusitropic responses.
This limits the ability of the reflex to raise CO, which is the
primary mechanism by which the reflex acts to improve blood
flow to ischemic active skeletal muscle. This impaired ability
to raise ventricular function may contribute to exercise intol-
erance in hypertensive subjects (64).
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