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Abstract During high-intensity dynamic exercise, O2

delivery to active skeletal muscles is enhanced through

marked increases in both cardiac output and skeletal

muscle blood flow. When the musculature is vigorously

engaged in exercise, the human heart lacks the pumping

capacity to meet the blood flow demands of both the

skeletal muscles and other organs such as the brain.

Vasoconstriction must therefore be induced through acti-

vation of sympathetic nervous activity to maintain blood

flow to the brain and to produce the added driving pressure

needed to increase flow to the skeletal muscles. In this

review, we first briefly summarize the local vascular and

neural control mechanisms operating during high-intensity

exercise. This is followed by a review of the major neural

mechanisms regulating blood pressure during high-inten-

sity exercise, focusing mainly on the integrated activities of

the arterial baroreflex and muscle metaboreflex. In high

cardiac output situations, such as during high-intensity

dynamic exercise, small changes in total peripheral resis-

tance can induce large changes in blood pressure, which

means that rapid and fine regulation is necessary to avoid

unacceptable drops in blood pressure. To accomplish this

rapid regulation, arterial baroreflex function may be mod-

ulated in various ways through activation of the muscle

metaboreflex and/or other neural mechanisms. Moreover,

this modulation of the arterial baroreflex may change over

the time course of an exercise bout, or to accommodate

changes in exercise intensity. Within this model, integra-

tion of arterial baroreflex modulation with other neural

mechanisms plays an important role in cardiovascular

control during high-intensity exercise.
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Introduction

Most animals live within a limited set of environmental

conditions, reflecting Bergmann’s (1847) rule that a spe-

cies’ body size dictates its living climate. One exception is

humans, who now live in most areas of the earth, and so are

exposed to a wide range of temperatures and altitudes.

Nowadays, in fact, our range is not limited by our terres-

trial nature, and we are active both under water and in

space. On earth, humans carry out their daily activity

mainly in an upright posture, with their heads located

above the heart. Consequently, blood pressure (BP) must

be well regulated to maintain blood flow in the brain,

despite different environments and changing activity

levels.

During dynamic exercise, for example, blood flow

increases to meet the demands of the skeletal muscles

engaged in contractile activity as well as the respiratory

and heart muscles. Under these conditions, increased

skeletal muscle blood flow is critical to ensure an appro-

priate supply of O2 to the active skeletal muscles and to
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remove the metabolic byproducts and generated heat. This

exercise-induced skeletal muscle hyperaemia is essentially

the product of selective vasodilation of vascular units

perfusing the active muscle fibers. But for vasodilation to

result in a significant elevation of skeletal muscle blood

flow, cardiac output (Q) must increase, and blood flow

must also be redistributed from inactive regions (e.g.,

splanchnic and renal circulations) to support the increase in

skeletal muscle blood flow (Calbet and Joyner 2010). In

most cases, increases in Q during submaximal dynamic

exercise are well matched to increases in skeletal muscle

blood flow. In 1977, however, Secher et al. (1977) showed

that when arm exercise is added to ongoing leg exercise,

lower limb blood flow is reduced despite the unaltered leg

power output, reflecting vasoconstriction of the arteries

feeding the contracting skeletal muscles in the leg. This led

to the idea that the pumping capacity of a healthy human

heart is not always sufficient to supply the skeletal muscle

with blood, and that vasoconstriction is induced by acti-

vation of sympathetic nervous activity (SNA) to maintain

BP, even when most of the muscles are vigorously engaged

in exercise (Calbet et al. 2004). In 1985, Andersen and

Saltin (1985) reported blood flow values of 250 mL

(100 g)-1 min-1 for the quadriceps muscle during a leg

knee extension exercise, using continuous infusion ther-

modilution to measure femoral vein outflow and Doppler to

measure the arterial inflow (Radegran et al. 1999). Further,

in endurance-trained thigh muscles, the maximal blood

flow may reach 400 mL (100 g)-1 min-1 (Richardson

et al. 1993). Thus, 10 kg of active skeletal muscle (less

than the total amount of muscle in the lower legs) may

require a maximum of 40 L-1 min-1, which is beyond the

heart’s typical pumping capacity of 25–35 L min-1.

Notably, BP can be simply expressed using Ohm’s law:

blood pressure (BP) = cardiac output (Q) 9 total

peripheral resistance (TPR). This means that to maintain

BP within a desired range, bodies must appropriately reg-

ulate Q and TPR. So for vasodilation to result in a signif-

icant increase in blood flow to the large exercising skeletal

muscles TPR can be reduced; however, if the increase in

Q does not offset the reduction in TPR, BP will fall. Thus,

during whole-body heavy dynamic exercise, the demand

for O2 delivery to the active muscles (i.e., the vasodilation

to increase skeletal muscle blood flow) strongly competes

with BP regulation mediated by neural sympathetic-

induced vasoconstriction.

A schematic drawing illustrating systemic BP regulation

during exercise is shown in Fig. 1. During high-intensity

dynamic exercise, vasodilation within active muscles is

mainly influenced by local vascular control mechanisms

such as endothelium-mediated dilation, byproduct-induced

dilation, erythrocyte-dependent regulation, etc. To main-

tain BP at an acceptable level during exercise, despite

strong vasodilation within the active muscles, sympathetic

vasoconstriction must occur within inactive muscles, and

even within active muscles, to help redistribute Q to the

contracting muscle. It is generally presumed that increased

SNA during exercise reflects the activities of both feed-

forward systems, such as central command, and peripheral

feedback systems, such as the arterial baroreceptors, car-

diopulmonary baroreceptors, muscle metaboreceptors and

mechanoreceptors, and arterial chemoreceptors (Rowell

and O’Leary 1990; Rowell et al. 1996; Dempsey 2012;

Murphy et al. 2011; Matsukawa 2011; Fadel et al. 2003;

Fadel and Raven 2011). During high-intensity exercise,

those local and neural control systems are working both

independently and synergistically, such that BP control

during high-intensity exercise is the product of highly

integrated regulation. As shown in Fig. 1, it is hypothe-

sized that efferent sympathetic responses are determined by

Fig. 1 Schematic drawing

illustrating systemic

cardiovascular regulation during

exercise. Within the central

nervous system, regulatory

signals through central

command and peripheral

reflexes are integrated in the

cardiovascular center

(Integration site �). Vascular

responses in/on the vessels

(Integration site `) are also

integrated among local

regulatory mechanisms and

sympathetic vasoconstriction

452 Eur J Appl Physiol (2014) 114:451–465

123



the integrated input from several neural control systems in

the medulla (Integration site �), while the vascular

responses are determined by the integrated effects of

sympathetic vasoconstriction and local vasodilation (Inte-

gration site `). Thus, to understand BP control mecha-

nisms during high-intensity exercise, it is necessary to

understand not only the characteristics of each control

system, but also the interaction among those control

systems.

In this review, we will first briefly summarize local

vascular control mechanisms as the main vascular response

for O2 delivery during exercise. We will then briefly

summarize neural mechanisms as the main control system

for maintaining BP during exercise. Among the neural

mechanisms operating, the arterial baroreflex and muscle

metaboreflex are hypothesized to play particularly impor-

tant roles during high-intensity exercise. Therefore, the

main focus of this review will be on the regulation and

possible integration of those reflexes as the major neural-

cardiovascular control mechanisms operating during high-

intensity exercise.

Local vascular control mechanisms during exercise

Muscle blood flow is determined by perfusion pressure and

vasomotor tone in the resistance vessels of the muscles.

Local factors that regulate vasomotor tone in active skeletal

muscles include substances released from nerves, sub-

stances released by or near active muscles, substances

carried in the blood, mechanical and myogenic mecha-

nisms, and veno-arterial reflexes (Clifford 2011; González-

Alonso 2012; Laughlin 1987; Laughlin et al. 1996)

(Fig. 1). Over the years, these factors have been exten-

sively investigated and a number of substances thought to

be released from active skeletal muscle have been impli-

cated in exercise hyperaemia or hypothesized to be the

‘‘main’’ or ‘‘obligatory’’ factor that links muscle blood flow

to metabolism. The concepts and proposed substances have

been well summarized in earlier reviews (Shepherd 1983;

Laughlin et al. 1996; Saltin et al. 1998), as has the recent

progress in this area (Joyner and Wilkins 2007; González-

Alonso 2012; Clifford 2011). The following is a brief

discussion of the factors potentially involved in mediating

human exercise hyperaemia within active skeletal muscles.

Substances released by the endothelium

It is well recognized that vascular endothelial cells play an

important role in the regulation of vascular activity through

their production of vasoactive substances, including nitric

oxide (NO), a potent vasodilator contributing to the

regulation of local vascular tone (Palmer et al. 1987).

Plasma NO (measured as the stable end product of NO; i.e.,

nitrite/nitrate) is reportedly increased in exercising humans

(Node et al. 1997), and several observations suggest NO

plays an important role in exercise-induced vasodilation

and hyperemia in skeletal muscle (Dyke et al. 1995; Gil-

ligan et al. 1994; Hickner et al. 1997; Hirai et al. 1994;

Miyauchi et al. 2003). However, recent studies also indi-

cate that NO is not an obligatory regulator of blood flow

during exercise-induced hyperemia in human skeletal

muscle (Joyner and Wilkins 2007).

Substances released by muscle

ATP, ADP, adenosine and related compounds (e.g., phos-

phate) have long been known as putative factors control-

ling exercise hyperaemia (Joyner and Wilkins 2007).

However, to the extent that these substances can be

manipulated (especially blocked) pharmacologically, their

importance as obligatory factors mediating ‘‘normal’’

exercise hyperaemia is unclear. An attractive property of

ATP (see below) is that, unlike adenosine, acetylcholine or

nitroprusside, its exogenous administration evokes massive

dilatation during heavy exercise (Rosenmeier et al. 2004).

By contrast, exogenous administration of the other sub-

stances typically generates only 50–75 % of the total

hyperaemic response.

Erythrocyte-dependent regulation (ATP)

during exercise

Recent evidence provides strong support for the notion that

circulating erythrocytes play a pivotal role in the regulation

of local vascular processes matching O2 supply and

demand within active skeletal muscle in humans (Ellsworth

et al. 1995; Ellsworth and Sprague 2012; González-Alonso

et al. 2002; González-Alonso 2012). It has been proposed

that erythrocytes contribute to local regulatory processes,

in part, by releasing ATP to act as a vasodilator and

sympatholytic in response to several metabolic and

mechanical stimuli (González-Alonso 2012; Sprague et al.

1998). The released ATP acts via P2Y purinergic receptors

expressed on microvessel endothelial cells to induce pro-

found local and conducted vasodilatation through stimu-

lation of endothelial production of NO, prostaglandin,

endothelium-derived hyperpolarizing factor (EDHF), and

possibly other endothelial vasoactive signals (Ellsworth

et al. 2009; Mortensen et al. 2009). Within human limbs,

ATP also appears to act on smooth muscle cells, exerting

its local vasodilator and sympatholytic effects (Rosenmeier

et al. 2008) directly, without degradation to ADP, AMP or

adenosine.
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Autonomic control mechanisms during exercise

Central command is thought to be crucial for the rapid

cardiovascular regulation operating in parallel with the

start of exercise. In addition to central command, periph-

eral reflexes are feedback systems that detect changes (i.e.,

error signals) within an organism and act to correct those

changes. Among these peripheral reflexes, the arterial ba-

roreflexes and the reflexes arising from exercising skeletal

muscles, the so-called ‘‘exercise pressor reflex’’ (i.e., the

muscle metaboreflex and mechanoreflex), are thought to be

mainly involved in regulating cardiovascular function

during high-intensity exercise. Those neural controls have

also been well summarized in several recent reviews

(Murphy et al. 2011; Dempsey 2012; Fadel et al. 2003;

Fadel and Raven 2011). The following is a brief summary

of the central command, exercise pressor reflex and arterial

baroreflex.

Central command

Central command is a feedforward neural mechanism that

transmits excitatory impulses to descending motor neurons

for locomotion, and in a parallel fashion to the medulla

oblongata for activation of cardiovascular control circuits

(Goodwin et al. 1972). In 1913, Krogh and Linhard (1913)

quantified the rapid increase in ventilation and pulse rate

that occurs within 1 s of the onset of voluntary exercise and

concluded that an irradiation of impulses from the motor

cortex was the most likely explanation for such a rapid

response. Since that time, numerous investigations in both

animals and humans have established the importance of

central command in the feedforward regulation of the

cardiovascular response to exercise (Matsukawa 2011;

Matsukawa et al. 2012; Ishii et al. 2012; Ogoh et al.

2002b).

Exercise pressor reflex (muscle metaboreflex

and mechanoreflex)

In 1917, Krogh and Linhard (1917) further demonstrated in

humans that HR and ventilation were rapidly increased at

the onset of involuntary leg contraction induced by elec-

trical stimulation of skeletal muscle under the assumption

that the response did not involve voluntary movement and

hence eliminated central command. It was concluded that

reflex input from the skeletal muscle itself was involved in

mediating the cardiorespiratory response to exercise. In

support of this concept, Alam and Smirk (1937, 1938a)

demonstrated that dynamic calf exercise evoked increases

in BP that could be maintained by circulatory arrest after

cessation of the exercise. Then upon restoration of blood

flow, BP fell precipitously. In a similar protocol, a spinal

cord injury patient in whom motor control was preserved,

though sensation below one knee was lost, performed a calf

exercise with the insensate leg (Alam and Smirk 1938b).

The exercise evoked typical increases in HR and BP, but in

this patient the sympathoexcitatory responses were not

sustained during post-exercise circulatory occlusion. These

elegant experiments demonstrated that a reflex originating

in skeletal muscle, the exercise pressor reflex, as it is

known today (McCloskey and Mitchell 1972; Mitchell

et al. 1983), is intimately involved in mediating precise

cardiovascular adjustments to exercise. Further, it is now

known that the exercise pressor reflex is the product of the

so-called muscle metaboreflex and mechanoreflex,

whereby group III afferent nerve endings in skeletal mus-

cles function mainly as mechanoreceptors and group IV

afferent endings function as metaboreceptors (Adreani and

Kaufman 1998; Rowell and O’Leary 1990). These sensory

neurons project to the medulla oblongata, and can be

stimulated by a variety of metabolites, including lactic

acid, adenosine, potassium, diprotonated phosphate, H?

and arachidonic acid products, among others, as well as by

mechanical stimuli such as stretch, pressure and contrac-

tion (Murphy et al. 2011; Mitchell 1990; Rowell and

O’Leary 1990). Activation of the exercise pressor reflex

has been shown to evoke increases in SNA, BP, HR, Q and

peripheral vasoconstriction, as well as secretion of various

vasoactive hormones (Amann et al. 2011; Rowell et al.

1996; Rowell and O’Leary 1990).

Arterial baroreflex

Mechanosensitive nerve endings in the walls of the carotid

sinuses and aortic arch are called arterial baroreceptors;

they transduce arterial BP changes (distention of the artery

in the baroreceptor region) and provide neural information

to the central nervous system (Eckberg and Sleight 1992).

On the basis of this afferent signaling, efferent autonomic

nerve activity is modulated, and the activities of the heart

and blood vessels are adjusted on a beat-by-beat basis in an

effort to shift systemic BP in the direction opposite to the

one giving rise to the input stimulus (Manica and Mark

1983; Sagawa 1983). This reflexive feedback mechanism

for control of arterial BP is the so-called arterial baroreflex.

The arterial baroreflex function curve, which is constructed

by plotting baroreflex output responses (regulated systemic

BP, HR, SNA, etc.) against input stimuli to the barore-

ceptors (BP changes in the baroreceptor regions), is sig-

moidal (Fig. 2). Baroreflex-mediated feedback regulation

of BP functions continuously within this sigmoidal rela-

tionship as changes in input evoke corresponding changes

454 Eur J Appl Physiol (2014) 114:451–465
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in output to restore the input value to a desired operating

point. However, exercise increases both arterial BP and

HR, which means the baroreflex-mediated relationship

between arterial BP and HR obtained at rest cannot explain

the relationship during exercise. This phenomenon led to

the hypothesis that the baroreflex function curve and its

operating point shift rightward and upward as shown in

Fig. 2; that is, the baroreflex input–output relationship is

reset during exercise (Rowell et al. 1996; Raven et al.

1997). The increases in HR and SNA, together with the rise

in arterial BP, seen during exercise can be explained by this

hypothesis if the baroreflex function curve is shifted

rightward and upward in accordance with increases in

exercise intensity, and autonomic nerve activity is modu-

lated such that arterial BP and HR move to the new

operating point on the shifted function curve. In that sce-

nario, arterial BP and HR rise together.

Integration among peripheral reflexes and qualitative

regulation

The mechanisms involved in the upward and rightward

shift in the arterial baroreflex function curve are not fully

understood, but it is recognized that this curve shift is due

to modulation of the arterial baroreflex through activation

of central command and/or the exercise pressor reflex

during exercise. During steady-state exercise in conscious

animals and humans, the baroreflex is reset to function

around the higher BPs induced by the physical activity

(Fisher et al. 2007; Komine et al. 2003; Potts et al. 1993),

enabling it to retain the ability to finely tune the cardio-

vascular response to exercise. Clearly, all of the described

neural inputs (i.e., central command, muscle metaboreflex,

muscle mechanoreflex, and the arterial and cardiopulmo-

nary baroreflexes, etc.) contribute significantly to the reg-

ulation of the autonomic nervous system during exercise.

Each signal is known to transmit information directly to the

cardiovascular regulatory centers within the medulla,

where the signals are integrated (Integration site �; Fig. 1),

and the autonomic efferent output, and thus the function of

the arterial baroreflex, are modulated accordingly. In

addition, the transmitted sympathetic efferent signals are

further integrated at the local vasculature (Integration site

`; Fig. 1). The sympathetic vasoconstrictor response is

attenuated in active skeletal muscles through what is called

‘‘sympatholysis’’ (Remensnyder et al. 1962), but may also

be potentiated through interaction with substances circu-

lating in the blood (Yang et al. 1990), so-called ‘‘sensiti-

zation’’. Thus, the BP response during heavy exercise

reflects integrated regulation within the central nervous

system and at local sites. We will focus on the relationship

between the arterial baroreflex and muscle metaboreflex as

the typical representation of the integrated regulation dur-

ing heavy exercise.

Integrated interaction between arterial baroreflex

and muscle metaboreflex

It is thought that during heavy exercise, the arterial baro-

reflex and the muscle metaboreflex are both activated and

are interacting in ways that lead to modulation of the pri-

mary cardiovascular reflex responses (Sheriff et al. 1990;

Nishiyasu et al. 1994a; Rowell et al. 1996; Papelier et al.

1997; Cui et al. 2001; Kamiya et al. 2001; Kim et al. 2005;

Ichinose et al. 2002, 2004c, 2006b, 2008; Watanabe et al.

2010). Two types of interaction between the arterial bar-

oreflex and muscle metaboreflex in the control of cardio-

vascular responses have been demonstrated. The first

involves arterial baroreflexes opposing the pressor response

elicited via the muscle metaboreflex. The second is a

modulation of arterial baroreflex function during muscle

metaboreflex activation.

Arterial baroreflex buffers muscle metaboreflex-

induced pressor responses

When the muscle metaboreflex is activated and a reflex

pressor response occurs, the arterial baroreceptors are

loaded, and the resultant baroreflex acts to reduce the

rising arterial BP; that is, the arterial baroreflex buffers

the muscle metaboreflex pressor response. Sheriff et al.

(1990) showed that the muscle metaboreflex pressor

response in dogs is increased by about 200 % after arterial

baroreceptor denervation, as compared to the same dogs
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Fig. 2 Schematic drawing of the arterial baroreflex function curve

and its resetting during exercise. The operating point is the arterial

blood pressure that acts as the reference value for the arterial

baroreflex. When blood pressure changes from the operating point,

the arterial baroreflex works to restore it to the operating point
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with intact baroreceptors. Their results demonstrated the

highly potent buffering effect of the arterial baroreflex on

the muscle metaboreflex pressor response. According to

Kim et al. (2005) the remarkable increase in the muscle

metaboreflex pressor response in baro-denervated dogs is

attributable to an increase in peripheral vascular resistance

without an increase in Q, which means that in intact

animals, the arterial baroreflex buffers the muscle me-

taboreflex pressor response by inhibiting peripheral

vasoconstriction. Similar observations have also been

made in humans. For example, Scherrer et al. (1990)

showed that increases in HR and muscle sympathetic

nerve activity (MSNA) elicited during isometric handgrip

exercise at 33 % of maximal voluntary contraction

(MVC) are augmented in subjects receiving nitroprusside

to suppress the handgrip-induced rise in BP; conversely,

HR and MSNA responses were suppressed in subjects

receiving phenylephrine to accentuate the handgrip-

induced elevation in BP. Because the muscle metaboreflex

would be activated and contributing to the rise in HR and

MSNA during the handgrip exercise, these findings sug-

gest the loading state of the arterial baroreceptors

influences the muscle metaboreflex-mediated cardioac-

celeration and sympathoexcitation.

During isometric handgrip exercise at 50 % MVC,

arterial BP, HR, and MSNA progressively increase over the

course of the exercise, as shown in Fig. 3. Then if the

exercising forearm is occluded by inflating a cuff fixed at

the upper arm to a supersystolic pressure just before the

end of the exercise, arterial BP and MSNA remain ele-

vated, even after the end of the exercise. During the period

of post-exercise muscle ischemia (PEMI), central com-

mand and the muscle mechanoreflex are no longer active

because the exercise has been terminated. Therefore, these

pressor responses are thought to be evoked via the muscle

metaboreflex, which is being activated by metabolic

byproducts produced in the forearm skeletal musculature

during exercise and now trapped there by the pressure cuff.

Induction of PEMI is thus a classic technique to isolate the

effect of the muscle metaboreflex from other factors.

Because during high-intensity exercise, factors other than

the muscle metaboreflex also contribute to cardiovascular

regulation, and the observed responses reflect the integra-

tion of all the factors involved, it is difficult to selectively

assess the effects of the muscle metaboreflex and its

interaction during high-intensity exercise. For that reason,

PEMI has been widely used as an experimental model to

study the interactions between the muscle metaboreflex and

other peripheral reflexes, especially in humans.

Interestingly, although the increase in SNA seen during

PEMI ought to affect both the peripheral vasculature and

the heart, HR returns to the resting level (Fig. 3). In that

regard, O’Leary (1993) demonstrated that HR remains

higher than at rest during PEMI in dogs administered

atropine to block parasympathetic nerve activity, and

suggested the fall of HR to the resting level during PEMI is

due to reactivation of parasympathetic nerve activity after

the end of the exercise. In addition, Nishiyasu et al. (1994a)

showed that both cardiac sympathetic and parasympathetic

tone increase simultaneously during PEMI in humans.

They suggested the increase in cardiac parasympathetic

tone might be a component of a counteraction by the

arterial baroreflex against the elevation in BP induced by

the muscle metaboreflex. Other recent studies in humans

reported similar observations (Ichinose et al. 2007; Fisher

et al. 2010). These findings suggest that maintenance of HR

Fig. 3 Representative raw data

showing heart rate (HR), arterial

blood pressure, and muscle

sympathetic nerve activity

(MSNA) at rest and during

isometric handgrip exercise

(IHG) at 50 % MVC, post-

exercise muscle ischemia

(PEMI) and recovery (Rec).

Note that PEMI prevents

recovery of BP and MSNA,

though HR returns to resting

level
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at the resting level during PEMI could reflect the interac-

tion of the effects of sympathetic activation induced via the

muscle metaboreflex and parasympathetic activation

induced via the arterial baroreflex. Recently, Watanabe

et al. (2010) showed that the HR response during PEMI

varies considerably from individual to individual. When

they investigated the cause of the large individual variation

in the HR response, they found that individuals with greater

increases in cardiac parasympathetic tone (Fig. 4, left

panel) and greater cardiac baroreflex sensitivity (Fig. 4,

right panel) during PEMI likely show a greater bradycardic

response to PEMI, and vice versa. Their results suggest the

interaction between the arterial baroreflex and the muscle

metaboreflex may contribute to the individual variation in

cardiovascular responses seen during exercise.

Muscle metaboreflex modulates arterial baroreflex

function

Arterial baroreflex-mediated cardiovascular regulation is

modulated during activation of the muscle metaboreflex.

Papelier et al. (1997) reported that during PEMI, the car-

otid sinus baroreflex shows reduced sensitivity to loading

(neck suction) and enhanced sensitivity to unloading (neck

pressure) for blood pressure regulation, but the sensitivity

for HR regulation is unchanged. In addition, recent studies

using microneurographic recordings of MSNA in humans

(Cui et al. 2001; Kamiya et al. 2001; Ichinose et al. 2002,

2004b; Ogoh et al. 2009) demonstrated more directly that

arterial baroreflex control of SNA is modulated during

muscle metaboreflex activation. In our studies (Ichinose

et al. 2002; Ichinose and Nishiyasu 2005), we found that

during PEMI, unloading the carotid baroreceptor by

applying neck pressure evokes greater increases in MSNA,

peripheral vasoconstriction and arterial BP than are evoked

under control conditions (Fig. 5a). We also found that

during PEMI, carotid baroreceptor loading via neck suction

produces less suppression of MSNA and less vasodilation,

resulting in smaller reductions in arterial BP (Fig. 5b). By

contrast, there were no changes in the HR responses to

either neck pressure or neck suction. These results suggest

that carotid baroreflex-mediated sympathetic vascular

regulation is modulated during activation of the muscle

metaboreflex, and that the alterations in baroreflex function

may contribute to the increase and/or maintenance arterial

BP at a higher level than under resting conditions.

The arterial baroreflex is known to influence the inci-

dence and strength of MSNA bursts on a beat-to-beat basis,

and it is thought to be the major modulator of MSNA in

humans (Delius et al. 1972; Wallin et al. 1975; Sundlof and

Wallin 1978; Wallin and Eckberg 1982; Fagius et al. 1985;

Macefield and Wallin 1999; Kienbaum et al. 2001). During

PEMI, both the incidence of MSNA bursting activity and

the strength of the bursts are increased, and the bursting

activity corresponds well to the fluctuations in arterial BP,

which suggests dominant arterial baroreflex modulation on

the MSNA. Ichinose et al. (2004c) examined the arterial

baroreflex-mediated beat-to-beat MSNA control in three

different ways (i.e., control of burst incidence, burst

strength and total MSNA) using the linear relationship

between spontaneous variations in diastolic arterial pres-

sure (DAP) and MSNA during activation of the muscle

metaboreflex. As shown in Fig. 6, the arterial baroreflex

regulates the incidence and strength of MSNA bursts at

higher BPs and MSNA levels during PEMI, with no change

in those gains (slope of the DAP–MSNA lines), as

Fig. 4 Relationships between PEMI-induced changes in the R–R

interval and changes in the spectral power of R–R interval variability

in the high-frequency range (DHF power: an index of cardiac

parasympathetic tone) and cardiac baroreflex sensitivity (DBaroreflex

sensitivity). Symbols depict data from individual subjects. Lines are

the regression lines. Forty subjects’ individual data are plotted in each

figure. The mean HR during PEMI did not differ from the resting HR

in the forty subjects. However, the HRs of several subjects did

increase or decrease from the resting levels during PEMI, indicating

there is considerable individual variation in the HR response to PEMI.

Likewise, variation in cardiac parasympathetic tone and cardiac

baroreflex sensitivity during PEMI are also associated with the large

individual differences in the HR response to PEMI. These relation-

ships may have important implications for understanding an individ-

ual’s modulation of cardiovascular responses during exercise

(reproduced from Watanabe et al. 2010)
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compared to control conditions. In addition, as a conse-

quence of those changes in the control of the incidence and

strength of MSNA burst, the arterial baroreflex control of

total MSNA is reset to higher BPs and MSNA levels, and

the gain of the control is increased. Although the precise

mechanisms within the CNS that regulate the sympathetic

neurons producing sympathetic bursting activity are

unclear, the gate control theory explains well the MSNA

bursting that corresponds to arterial BP fluctuations

(Kienbaum et al. 2001). Based on this theory, it is thought

that arterial baroreflex inputs act as a gate that determines

whether MSNA bursts occur, while having little influence

on burst strength. Indeed, as seen in Fig. 6, the relationship

between burst incidence and BP are quite strong, whereas

changes in BP within the range of spontaneous fluctuations

have little or no influence on burst strength during either

control conditions or PEMI. Taking this into account, the

increased occurrence of bursts during activation of the

muscle metaboreflex might reflect alteration of the gating

function of the arterial baroreflex. On the other hand, the

increased burst strength during PEMI may be a result of

more direct influence of the increased group III and IV

afferent inputs on the sympathetic neurons. Such an inte-

grated regulation of these two reflexes may also serve to

maintain BP at a higher level by producing larger sympa-

thetic bursts more frequently when BP starts to fall.

Fig. 5 MSNA response in one subject to application of ?50 mmHg

neck pressure (a) and -60 mmHg neck suction (b) under control

conditions and during PEMI. NP neck pressure, NS neck suction.

During PEMI, the NP-evoked rise in MSNA was enhanced, and the

NS-induced period of MSNA suppression was markedly shortened

(reproduced from Ichinose et al. 2002)

Fig. 6 Linear relationships between DAP and burst incidence (a),

burst strength (b) and total MSNA (c) under control conditions and

during PEMI in a representative subject. PPo prevailing point [the

point corresponding to the average diastolic arterial blood pressure

(DAP) on the regression line relating burst incidence or total MSNA

to DAP, which is taken as an index of the MSNA corresponding to the

operating pressure of arterial baroreflex]. Because of the weak

relationship between burst strength and DAP, the prevailing point for

the regression line relating burst strength to DAP was not calculated.

Arterial baroreflex control of the incidence and strength of MSNA

bursts was shifted to higher BPs and MSNA levels during PEMI. As a

consequence of those alterations, baroreflex control of total MSNA

was shifted to higher BPs and MSNA levels, and its gain was

increased (reproduced from Ichinose et al. 2004c)
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Arterial baroreflex-mediated regulation of MSNA is

modulated during both static and dynamic exercise

(Scherrer et al. 1990; Fadel et al. 2001; Kamiya et al. 2001;

Keller et al. 2004; Ogoh et al. 2007; Ichinose et al. 2006b,

2008). Figure 7 shows alterations in arterial baroreflex

control over MSNA over the course of 3 min of isometric

handgrip exercise at 30 % MVC. Activation of the muscle

metaboreflex is thought to account for the time-dependent

upward and rightward shifts in the DAP–MSNA relation-

ship and for increase in the gain of MSNA control observed

after the first minutes of handgrip exercise. This idea is

supported by the finding that the modulation of the DAP–

MSNA relationship that occurred during the handgrip

exercise persisted during the PEMI, a time when the

muscle metaboreflex would be activated in the absence of

both central command and the muscle mechanoreflex.

Presumably, the activation of the muscle metaboreflex

would be delayed from the onset of exercise by the time

needed to accumulate metabolites in the vicinity of the

group III and IV afferent endings, which would account for

the almost 60-s lag between the onset of isometric handgrip

exercise and the onset of sympathetic activation (Seals

et al. 1988; Victor et al. 1988; Saito et al. 1989; Pryor et al.

1990; Rowell and O’Leary 1990; Nishiyasu et al. 1994b).

For the same reason, the metaboreflex may not be suffi-

ciently activated during the first minute of handgrip exer-

cise to mediate the upward shift in the DAP–MSNA

relationship or the increase in the gain. Interestingly, the

aforementioned study by Scherrer et al. (1990) showed that

MSNA is increased within the first minute of isometric

handgrip exercise (33 % MVC) in subjects receiving

nitroprusside to suppress the handgrip-induced rise in BP

and that, conversely, MSNA is suppressed in subjects

receiving phenylephrine to accentuate the handgrip-

induced elevation in BP. This suggests the lack of change

in MSNA from the resting level during the first minute of

handgrip exercise is due, at least in part, to arterial baro-

reflex control of MSNA. Our finding that the DAP–MSNA

relationship is shifted rightward without a significant ver-

tical shift or change in gain suggests that, during the first

minute of handgrip exercise, the arterial baroreflex oper-

ating pressures are reset, enabling MSNA to be maintained

at the resting level, despite an increase in BP. This rapid

resetting of the arterial baroreflex operating pressure might

be induced by activation of central command and/or the

muscle mechanoreflex (Mitchell 1990; Rowell and

O’Leary 1990; Rowell et al. 1996; Potts and Mitchell 1998;

Gallagher et al. 2001; Iellamo et al. 1997; McIlveen et al.

2001; Ogoh et al. 2002b). In addition, the modulation of

arterial baroreflex control of MSNA (i.e., resetting and an

increase in gain) was greater during the third minute of

handgrip exercise than during PEMI, which indicates that

mechanisms other than the muscle metaboreflex (i.e.,

central command and/or muscle mechanoreflex) were also

affecting arterial baroreflex control of MSNA at that time.

The time-dependent modulation of the baroreflex function

may be one of the mechanisms mediating the progressive

increase in both BP and MSNA over the course of iso-

metric exercise.

Figure 8 depicts the arterial baroreflex control over

MSNA during dynamic leg cycling using an exercise

protocol in which workload was incrementally increased in

five steps from very mild to exhausting (Ichinose et al.

2008). Very mild exercise shifted the DAP–MSNA rela-

tionship to lower MSNA levels and also reduced arterial

baroreflex gain. Thereafter, incremental increases in exer-

cise workload from mild to exhausting caused a gradual

upward shift in the DAP–MSNA relationship. During

moderate exercise, the sensitivity of the MSNA control

recovered to the resting level, and during heavy and

exhausting exercise, there was a rightward and upward

shift in the DAP–MSNA relation, with a significant

increase in the gain. The findings during mild and moderate

exercise are consistent with studies showing that arterial

baroreflex gain of MSNA control is unchanged during

moderate-intensity arm cycling (Fadel et al. 2001; Ogoh

et al. 2007) and low-intensity one-legged kicking (Keller

et al. 2004). Collectively, these results suggest that the

sensitivity of the arterial baroreflex control over MSNA

during mild to moderate dynamic exercise remains at the

resting level, regardless of exercise mode. In addition, the

Fig. 7 Group average prevailing points (symbols) with the corre-

sponding mean regression lines relating total MSNA and DAP at the

indicated times during the isometric handgrip exercise and PEMI.

IHG1, 2 and 3 are the first, second, and third minutes of the isometric

handgrip exercise, respectively. The arterial baroreflex control of

MSNA was gradually shifted to higher BPs and MSNA levels, and its

gain progressively increased over the course of the isometric handgrip

exercise. This time-dependent modulation of baroreflex function

would be induced through progressive activation of the muscle

metaboreflex, central command, etc., during the handgrip exercise.

These observations suggest that over the course of an exercise period,

BP and MSNA will be increased and regulated at suitable levels

through baroreflex modulation (reproduced from Ichinose et al.

2006b)
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modulation of the arterial baroreflex function observed

during heavy and exhausting exercise is in good agreement

with an earlier report showing that in rats, high-intensity

treadmill exercise resets the arterial baroreflex control over

renal SNA to higher BPs and higher SNA levels, with a

significant increase in arterial baroreflex gain (Miki et al.

2003). Bearing those observations in mind, the arterial

baroreflex control over SNA would not be uniform during

dynamic exercise at different intensities.

The mechanisms responsible for the modulation of

arterial baroreflex control over MSNA seen during incre-

mental dynamic exercise are uncertain, but they will likely

reflect the interactions between the arterial baroreflex and

other systems contributing to the regulation of SNA (as

seen in Fig. 1). It would be expected that several factors,

including central command and peripheral neural inputs

that influence the arterial baroreflex function, are gradually

activated or modified by the increasing workload during

the dynamic exercise (Mitchell 1990; Rowell and O’Leary

1990; Rowell et al. 1996; Gallagher et al. 2001; Iellamo

et al. 1997; Potts and Mitchell 1998; McIlveen et al. 2001;

Ogoh et al. 2002b; Charkoudian et al. 2004). For example,

increasing afferent neural input from active skeletal mus-

cles, reflecting the progressive rise in workload, could be

involved in modulating arterial baroreflex control over

MSNA. Although the level of dynamic exercise that acti-

vates the muscle metaboreflex in humans remains

unknown, this reflex is known to be tonically active in dogs

at exercise intensities higher than moderate (Wyss et al.

1983; O’Leary and Sheriff 1995). The modulation of

arterial baroreflex function during high-intensity and

exhausting exercise, which entails resetting MSNA control

to higher BPs and MSNA levels and increasing arterial

baroreflex gain, are consistent with observations made

during isometric exercise and PEMI (Cui et al. 2001; Ka-

miya et al. 2001; Ichinose et al. 2004c, 2006b; Ogoh et al.

2009). It may be that the muscle metaboreflex is activated

at heavy and exhausting leg cycling, which in turn induces

the observed modifications in arterial baroreflex function.

The modulation of baroreflex function with changes in

exercise intensity may play an important role in matching

sympathetic and cardiovascular responses to the exercise

intensity. As mentioned, peripheral vascular regulation

moves to the forefront of maintaining BP when

Q approaches its maximum during high-intensity, whole-

body dynamic exercise. In that situation, sympathetic bar-

oreflex gain may be enhanced, probably through activation

of the muscle metaboreflex, and contribute to preserving

fine BP regulation.

Functional importance of the interaction

between arterial baroreflex and muscle metaboreflex

during high-intensity exercise

As mentioned, in the absence of baroreflex buffering,

muscle metaboreflex-induced pressor responses would be

up to twice as large as normal, with significant systemic

vasoconstriction (Sheriff et al. 1990; Kim et al. 2005).

Moreover, important vasoconstriction could even occur in

active skeletal muscles and in coronary arteries, which

could limit or compromise perfusion and, consequently, O2

delivery to those areas (Mittelstadt et al. 1994; Kim et al.

2005; O’Leary et al. 2007; Ichinose et al. 2010, 2011;

Coutsos et al. 2010, 2013). In that case, the muscle me-

taboreflex would no longer be a flow-raising reflex; instead,

activation of this reflex could result in further accumulation

of metabolites leading to still more reflexive sympathoex-

citation. The resultant vicious cycle could compromise

contractile performance of active skeletal muscles as well

as the myocardium. Therefore, the baroreflex buffering of

the metaboreflex is an important mechanism for preventing

such a vicious cycle and regulating the metaboreflex to act

as a feedback flow-raising mechanism.

Interestingly, O’Leary and colleagues noted that acti-

vation of the muscle metaboreflex during submaximal

treadmill exercise in dogs with reduced hindlimb blood

flow elicits a pressor response mediated primarily by an

increase in Q. However, when the ability to increase Q is

limited, such as in heart failure or during maximal exercise,

the muscle metaboreflex increases arterial pressure through

Fig. 8 Linear relationships between total MSNA and DAP in a

representative subject under the indicated conditions during an

incremental dynamic exercise protocol. The symbols indicate the

prevailing points. Arterial baroreflex control of MSNA was modu-

lated by changes in exercise intensity. Such alterations in baroreflex

function likely involve multiple regulatory factors (e.g., central

command, exercise pressor reflex, changes in central blood volume,

exercise-induced hyperthermia, etc.) during incremental leg cycling.

These findings suggest that sympathetic and cardiovascular responses

are continuously regulated to correspond to ongoing workload

through integration of the baroreflex and multiple other systems

(reproduced from Ichinose et al. 2008)
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peripheral vasoconstriction (Hammond et al. 2000; Au-

gustyniak et al. 2001; Ichinose et al. 2012). In addition,

muscle metaboreflex function is virtually instantaneously

shifted from increasing Q to increasing vasoconstriction

when the induced rise in Q is acutely removed (Sheriff

et al. 1998; Ichinose et al. 2010). These results indicate that

the mechanisms involved in mediating the muscle metab-

oreflex respond continuously to changes in Q. Although it

is not known what causes the shift in the metaboreflex

mechanism when the normal rise in Q is impaired, it might

be due to a change in the interaction between the metab-

oreflex and other systems, most likely the baroreflexes. It

has been suggested that activation of the muscle metabo-

reflex resets the arterial baroreflex operating point and

function curve to higher BPs and, as a result, autonomic

nerve activity is modulated to elevate arterial BP to a new

operating pressure (Rowell and O’Leary 1990; Rowell

et al. 1996; Raven et al. 1997). As evidenced by the pre-

viously mentioned studies of Sheriff et al. (1990) and Kim

et al. (2005), muscle metaboreflex activation can increase

arterial BP far higher than the operating pressure of the

arterial baroreflex. However, the baroreflex buffers the

metaboreflex-induced pressor response by inhibiting

peripheral vasoconstriction so that arterial BP is main-

tained at the baroreflex operating pressure. When the

ability to increase Q is not limited, activation of the muscle

metaboreflex evokes a rise in arterial BP to the new

operating pressure by increasing Q, but when the ability to

increase Q is impaired, there is no muscle metaboreflex-

induced rise in arterial BP via an increase in Q. Conse-

quently, the arterial baroreflex would not act to inhibit

peripheral vasoconstriction until the arterial BP exceeded

the new operating pressure. In that situation, the muscle

metaboreflex could evoke peripheral vasoconstriction.

Because peripheral blood flow capacity within active

skeletal muscle can exceed the maximal Q (Andersen and

Saltin 1985; Calbet et al. 2004), during maximal whole-

body dynamic exercise some system of regulation must be

interposed between the heart and the periphery to maintain

homeostasis. It has been postulated that the sympathetic

nervous system serves to control peripheral vascular con-

ductance and acts to prevent cardiac function from being

outstripped by peripheral O2 demands (Calbet et al. 2004;

Tschakovsky et al. 2002; Calbet and Joyner 2010): on the

one hand, the accumulation of metabolites in exercising

muscles causes vasodilation, while on the other hand the

metabolites trigger the muscle metaboreflex, thereby

increasing sympathetic nerve activity. In that context, the

muscle metaboreflex may play a pivotal role as a coun-

terbalance to metabolic vasodilation (Joyner 1991, 1992;

Mittelstadt et al. 1994; Daley et al. 2003; Ichinose et al.

2010, 2011). In addition to the direct influence of the

muscle metaboreflex on sympathetic activation, this reflex

also affects cardiovascular regulation by modulating arte-

rial baroreflex function in a way that helps to maintain the

elevated arterial BP. More specifically, enhanced arterial

baroreflex-mediated sympathoexcitation and vasoconstric-

tion occurring when metabolites accumulate within mus-

cles (i.e., during activation of the muscle metaboreflex)

ought to be an excellent defense against systemic hypo-

tension induced by metabolic vasodilation. Interaction

between the arterial baroreflex and muscle metaboreflex

would thus provide an important functional link between

metabolism within active muscles and BP control, which

would contribute to cardiovascular regulation during

exercise.

Interestingly, moreover, the changes in arterial barore-

flex function that occur with activation of the muscle me-

taboreflex also occur with unloading of the

cardiopulmonary baroreceptors (Bevegård et al. 1977;

Ebert 1983; Victor and Mark 1985; Pawelczyk and Raven

1989; Shi et al. 1993, 1997; Ogoh et al. 2002a; Ichinose

et al. 2004a, b, 2006a; Ichinose and Nishiyasu 2012),

suggesting that in situations such as a posture change and/

or hypovolemia during exercise, arterial baroreflex func-

tion would change to strengthen the ability to maintain or

increase arterial BP through vasoconstriction. During

heavy exercise, therefore, the integrated mechanisms gov-

erning arterial baroreflex modulation by muscle metabo-

reflex, perhaps with other neural inputs to the

cardiovascular center, would play an important role in

mediating the fine and rapid cardiovascular responses that

increase the O2 delivery to active muscles and simulta-

neously maintain systemic BP.

In summary, during high-intensity dynamic exercise,

Q and skeletal muscle blood flow increase markedly to

meet the need for greater O2 delivery to the active muscles.

To maintain blood flow to the brain and to produce the

driving pressure necessary to increase blood flow to the

skeletal muscles, systemic BP must be appropriately reg-

ulated. In this review, we focused on the arterial baroreflex

and muscle metaboreflex as the major neural mechanisms

regulating BP during high-intensity exercise, and discussed

possible integration within and/or across those mecha-

nisms. In the high Q situation that can occur during heavy

dynamic exercise, slight changes in TPR can induce large

changes in BP, suggesting that rapid and fine regulation are

necessary to avoid unacceptable drops in BP. To accom-

plish this rapid regulation, the function of the arterial

baroreflex may be modified in the several ways through

activation of the muscle metaboreflex to: (1) speed up the

vasoconstrictor response to a BP fall, (2) weaken or abolish

the vasodilatory response to a BP rise, (3) increase the

likelihood (response incidence) of MSNA burst activity,

and (4) augment the gain of the MSNA control. Further,

arterial baroreflex modulations through the muscle
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metaboreflex and/or other neural control mechanisms may

also change over the time course of an exercise or with a

change in exercise intensity. Thus, the integration of arte-

rial baroreflex modulation with other neural mechanisms

would play an important role in cardiovascular control

during high-intensity exercise.
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