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The changes in circulatory system behavior occurring in response to exercise 
stress are integrated by the central neural circulatory control system working in 
cooperation with local regulatory mechanisms. The regulatory events occurring 
during exercise may be analyzed using a closed-loop regulatory system model 
of the circulation. In this model, the brain stem acts as the central integration 
unit determining the set point of the system and the gain of incoming signals 
from variables such as muscle metabolites and blood gases. Control signals 
reach the effector organs (heart and peripheral vascular smooth muscle) through 
sympathetic and parasympathetic motor fibers. Exercise acts on the system as 
a disturbance, initiating changes in function of effector organs. Local regulatory 
mechanisms act within the system without passing through the central integra
tion unit. 
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Neural regulation of the circulation is a broad topic 
that has received intense study for at least the past 
100 years. A number of recent reviews have dealt 
with varius aspects of neural regulation, including 
overall regulation, by Smith1 and Kornero2; somato-
sympathetic reflexes, many of which involve the cir
culation, by Koizumi and Brooks3 and Sato and 
Schmidt4; and specific portions of the circulation, 
such as the recent one by Sparks and Belloni on local 
regulation of peripheral circulation,5 by Zelis on pe
ripheral circulation,6,7 and by Hudlicka on muscle 
circulation.8 The intent of this article is to present a 
schema for analyzing the neural cardiovascular reg
ulatory processes occurring during exercise and to 
describe the interaction between generalized neural 
and local autoregulatory mechanisms. 

In a healthy resting person, local regulatory mech
anisms in the heart and peripheral vasculature are 
capable of maintaining adequate blood flow to supply 
the metabolic needs of all tissues. Only the local 
feedback circuits are necessary to maintain circula
tory homeostasis in the presence of the small pertur
bations acting on the resting system. When any gen
eral systemic disturbance, such as exercise, occurs, an 

immediate need for coordination of changes in car
diovascular function arises. The coordinated changes 
in blood flow in working and nonworking tissue, and 
in cardiac output, that occur during exercise are 
dependent on the interaction of local regulatory 
mechanisms with the central control exercised by the 
autonomic nervous system. 

GENERAL SCHEMA 

To analyze the regulatory events occurring during 
exercise, the circulatory control system can be viewed 
as a closed-loop regulatory system that maintains the 
cardiovascular system in a steady state.2 In the basic 
form, outlined in Figure 1, the closed-loop system 

Fig. 1. Closed-loop regulatory system with a single mon
itoring capacity. (CIU=central integration unit.) 
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Fig. 2. Closed-loop regulatory system with modulation 
capacity added through secondary output variable moni
tors. 

consists of 1) a central integration unit (CIU) that 
establishes the set point of the system and the gain 
for incoming signals, 2) a pathway for efferent com
mand signals, 3) an effector organ (or organs) that 
produces a primary output variable, 4) a monitoring 
unit for this variable, and 5) a pathway for efferent 
error signals to the central integration unit. In this 
basic system, a disturbance may act on the system by 
directly or indirectly changing effector organ behav
ior and therefore altering the value of the primary 
output variable. Signals from the primary monitor 
are compared with the set point to produce an error 
signal (Δ). System flexibility occurs by adding affer
ent modulator signals from secondary output moni
tors (Fig. 2). These signals may modulate either the 
set point or the gain, or both, determined by the CIU. 
A disturbance may cause changes in the local auto-
regulatory mechanisms (added into the circuit as 
illustrated in Figure 3), and act directly on peripheral 

effector organs, without necessarily involving the cen
tral control system. 

For analysis of the cardiovascular system regula
tion during exercise, either a hemodynamic or chem
ical variable could be chosen as the primary output 
variable. The hemodynamic variable of central arte
rial blood pressure is a good indicator for a number 
of reasons: it is rapidly affected by hemodynamic 
changes anywhere in the system with little buffering; 
the receptors monitoring blood pressure are very sen
sitive in the resting and exercising range of the vari
able; and rapid reflexes exist for returning central 
arterial pressure to a set point after any disturbance. 
Further, although central arterial pressure is of less 
direct importance to perfused tissues than are some 
chemical variables such as arterial oxygen concentra
tion, these chemical variables can be regulated by a 
system using pressure as its primary variable. A 
schema for a closed-loop regulatory system using 
central arterial pressure as the primary variable is 
presented in Figure 4. The brain stem functions as 
the CIU, determining the set point for arterial pres
sure and the gain for incoming baroreceptor infor
mation. The effector pathways of the parasympathetic 
and sympathetic systems relay the centrally integrated 
information in the form of regulatory signals to the 
effector organs: the heart and peripheral vascular 
smooth muscle. The secondary variables of greater 
importance during exercise are blood gas concentra
tion, blood-borne metabolites, core temperature, and 
lung tissue stretch. Less importance is attached to 
hemodynamic changes in the low-pressure regions of 
the circulation and to joint and muscle motion (Tab. 
1). The local regulatory circuit in working muscle is 
an important component in circulatory adjustment to 
exercise. 

OUTPUT VARIABLE MONITORS 

Fig. 3. Closed-loop regulatory system with an autono
mous local regulatory circuit operating within the overall 
system. 

The two primary high-pressure baroreceptors in 
the carotid sinus and the arch of the aorta, their 
central connections, and the efferent pathways used 
in the baroreceptor reflex are outlined in Figure 5. 
The combined effect of changes in cardiac output and 
total peripheral resistance is monitored as changes in 
blood pressure by the baroreceptors. Error signals 
reach the medulla and higher centers (pattern gener
ators) by way of cranial nerves IX and X. Parasym
pathetic and sympathetic command signals reach the 
effector organs (heart and vascular smooth muscle) 
through cranial nerve X and the sympathetic nerves. 
The basic characteristics of the primary barorecep
tors, as indicated in Table 2, are sensitivity to pressure 
fluctuations within or slightly above the resting phys
iological range,9 greater sensitivity to pulsatile than 
to constant pressure changes,10 and slow adaptation 
rates.11,12 The aortic arch baroreceptors generally have 
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TABLE 1 
Secondary Cardiovascular Modulator Variables 

Variable 

Arterial gases 

Stretch of lung 
Muscle metabolites 

Joint motion 

Core temperature 

Receptor 

Carotid bodies 

Lung stretch receptors 
(?) Free nerve endings in 

muscle 
Free, encapsulated propri

oceptors 
Temperature-sensitive cells 

Primary Location 

Bifurcation of carotid 
arteries 

Lung connective tissue 
Skeletal muscle 

Joints 

Hypothalamus 

Isolated Effect 
Unknown during exercise 

Unknown during exercise 
Raise set point 

Raise set point 

(?) Increase gain; variable 

a higher threshold than do the carotid sinus recep
tors.9 During exercise the threshold for response of 
high-pressure baroreceptors is elevated, but the sen
sitivity to pulsatile fluctuations remains constant.13 

These changes permit the baroreceptors to retain their 
function as primary monitors of cardiovascular be
havior under the circumstance of temporarily ele
vated central pressure typical during exercise. 

Baroreceptors located in the low-pressure regions 
of the circulation are known to have reflex effects 
focusing mainly on the renal circulation (atrial me-
chanoreceptors)14-16 and the lung (pulmonary artery 
mechanoreceptors).17 How these reflexes may be in
tegrated into neural regulation of the circulation dur
ing exercise is not clear, although they may be in
volved in supporting the increases in ventilation and 
renal vascular resistance seen during exercise. 

Secondary output variables capable of having a 
modulatory effect on the central neural regulatory 
system are listed in Table 2. Increases in pulmonary 
stretch16 and decreases in arterial oxygen content can 
cause changes in cardiac output in resting animals 
indicative of a resetting of the pressure-regulatory 
system.18,19 However, the observed changes in output 
variables during exercise do not completely parallel 
those seen when the animal is at rest and only one 
variable is manipulated. Therefore, information from 
these secondary monitors is either overridden during 
exercise or interacts with other signals to produce a 
different output.2 Information from joint receptors 
may also have an effect in modulating the baroreflex 
system during exercise.9 

A third variable, metabolites produced by working 
muscle, appears to be a very important factor in 
modulating the baroreflex system during exercise. 

Fig. 4. Closed-loop regulatory system for neural cardio
vascular control using central arterial blood pressure as 
the primary output variable. 

Fig. 5. Functioning of the baroreceptor reflex in a closed-
loop system. 

TABLE 2 
Characteristics of Primary Baroreceptors 

Location 

Carotid sinus 

Aortic arch 

Threshold 

Variable: resting pressure 
levels or higher 

Variable: higher than resting 
pressure levels 

Preferred Stimulus 

Pulsatile decrease in pres
sure 

Pulsatile decrease in pres
sure 

Response 
Slowly adapting 

Slowly adapting 
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Fig. 6. Components and basic interrelationships of the 
cardiovascular central integration unit 

The exact nature of the stimulating metabolite(s) is 
unknown, and the receptors are not clearly identified, 
but the afferent pathway is known to be type IV and 
possibly type III nerve fibers from muscle.20-23 Mod
ulatory input over the afferent pathway is capable of 
elevating the set point for the system but does not 
change the gain. The persistence of an elevation in 

Fig. 7. Efferent pathways and effector organs of the 
central neural cardiovascular regulatory system. 

arterial pressure and in heart rate when venous drain
age from exercising muscle is occluded points to a 
blood-borne exercise metabolite as the effective stim
ulus for this modulatory response.23 

CENTRAL NEURAL INTEGRATION 

The integration unit for the neural circulatory con
trol system is a highly complex network within the 
CNS. The basic functional components of this net
work include a spontaneous output signal generator 
(medullary cardiovascular center), pattern generators 
(higher brain stem, hypothalamus, limbic system, 
some portions of the cerebral cortex, and the cerebel
lum), and an output pathway capable of some mod
ulation of signals (propriospinal reflex integration 
system) (Fig. 6). Within each major subdivision, nu
merous interacting circuits contribute to the flexibility 
and complexity of the integration unit. 

Studies seeking to define the anatomical substrate 
of the medullary baroreflex center have generated a 
considerable confusion of information,24,25 although 
some details of the anatomy of this functional center 
are fairly well defined.26"29 Many medullary reticular 
formation neurons involved in cardiovascular regu
lation are multifunctional.30 The existence of sponta
neously active medullary reticular neurons providing 
a functional substrate for the baroreceptor reflex ap
pears to be well established.26,31-34 Gebber and Bar
man have recently suggested that the spontaneous 
output rhythm of these neurons is intrinsic to the 
neurons themselves.32 At all but very slow heart rates, 
the intrinsic rhythm is governed by the pulse-related 
rhythm of the baroreceptor signals. 

The presence of higher central neural locations that 
can receive input from cardiovascular monitors and 
elicit changes in cardiovascular function when stim
ulated indicates that central neural integration of 
cardiovascular function is not limited to the me
dulla.35"42 The patterned nature of response to higher-
center stimulation25,39 and the specificity of cardio
vascular adjustment to various peripheral disturb
ances1,4,43-45 suggest that the higher centers function 
to provide flexible patterns of cardiovascular re
sponses superimposed on the basic medullary baro
receptor reflex. Patterning of response may occur 
both through general modification of spontaneous 
medullary neuron activity (equivalent to a change in 
gain of the system) and through direction of that 
activity to specific outflow pathways. 

Spinal reflex pathways exist for most somatosym-
pathetic and some cardiovascular reflexes, but spinal 
autonomic reflex patterns often differ significantly 
from patterns integrated by higher centers.3,4,46-51 

Spinal cardiovascular reflexes are usually obscured 
by responses integrated at higher levels, but their 
existence indicates the presence of a functional inte-
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grative substrate at the spinal cord level that may be 
used to modulate efferent signals. Another aspect of 
spinal-level integration of cardiovascular reflexes is 
the existence of descending inhibitory pathways af
fecting both the activity of spinal sympathetic neurons 
and the central transmission of afferent signals enter
ing the spinal cord.52-54 

Possible patterns of involvement of this complex 
central integration unit during exercise will be de
scribed following a discussion of efferent pathways 
and peripheral autoregulation mechanisms. 

EFFERENT PATHWAYS AND END ORGANS 

The efferent pathways and end organs of the cen
tral neural regulatory system are outlined in Figure 
7. The heart receives dual innervation, excitatory 
through the sympathetic nerves arising at spinal levels 
Tl to T4 and inhibitory through the parasympathetic 
fibers in the vagus nerve (cranial nerve X). The 
sympathetic outflow to the heart probably does not 
have uniform characteristics,44,55 so an even greater 
potential exists for graded regulation of response in 
the heart than a simple bimodal central innervation 
would suggest. The smooth muscle of the peripheral 
vasculature in man probably receives only excitatory 
innervation through the sympathetic outflow from 
spinal cord levels T1 to L2. The presence of inhibitory 
innervation (cholinergic vasodilator fibers) has been 
well documented in a number of animals43,56,57 and 
has been suggested in man, but so far no evidence for 
its existence in man has been presented.45 Instead, 
autoregulatory mechanisms, coupled with withdrawal 
of vasoconstrictor signals, could account for inhibi
tion of peripheral vascular smooth muscle and thus 
vasodilatation in man. 

AUTOREGULATION 

Both the heart and vascular smooth muscle are 
subject to excitatory and inhibitory regulation by 
local factors. Mechanical or myogenic autoregulation 
is evident in the response of the myocardium to 
stretch (Frank-Starling Law) and in the excitatory 
and inhibitory effects on vascular smooth muscle of 
vessel distention and collapse.58 Autoregulation of the 
heart probably occurs during exercise, but is of min
imal importance inasmuch as the denervated heart 
can support only a small proportion of the normal 
cardiac response to exercise.59 

In the peripheral vasculature, small arterioles and 
precapillary sphincters are most susceptible to me
chanical autoregulation. Local chemical factors, 
either in the blood or in the interstitial fluid, also 
have the capacity for regulating the heart and vascular 
smooth muscle. Local metabolic regulation has been 
particularly well demonstrated in the case of the 

exercise hyperemia of working muscle.5 A number of 
substances have been suspected as the causative 
agents of vasodilatation during exercise, including 
increases in potassium ion concentration,60"63 de
creases in arterial oxygen content,64,65 increases in 
tissue and blood osmolality,66 increases in tissue aden
osine content,67 increases in metabolic end-product 
concentration,68 and increases in local prostaglandin 
release.69,70 Studies in which only single factors were 
varied indicate that exercise hyperemia is probably 
caused by a combined effect of many factors rather 
than by one dominating factor.5"7 A combination of 
decreased arterial oxygen content, increased potas
sium ion concentration, and increased osmolality 
causes a response most closely mimicking that seen 
in exercise, specifically dilatation of precapillary re
sistance vessels, increased effective capillary surface 
area, and maintenance of capillary permeability and 
postcapillary resistance.7 Probably, both myogenic 
and metabolic autoregulation of blood flow are active 
factors in initiating and maintaining the hyperemia 
in working muscle. 

PATTERNS OF CARDIOVASCULAR 
REGULATION DURING EXERCISE 

The major components of the cardiovascular sup
port response to the stress of exercise are 1) increased 
cardiac output through both increased heart rate and 
increased stroke volume; 2) vasodilation in working 
muscles; and 3) vasoconstriction in nonstressed tissues 
such as the kidney, splanchnic organs, and nonwork-
ing muscles. All of these changes are directly related 
to the intensity of the exercise. 

Referring to the concept of the circulatory control 
system as a closed-loop regulatory system, exercise 
can be viewed as a major disturbance affecting the 

Fig. 8. Changes in afferent signals at the beginning of 
exercise. 
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Fig. 9. Changes in regulatory command signals during 
exercise. Vascular Smooth Muscle 1 is in exercising 
muscle. Vascular Smooth Muscle 2 is in nonexercising 
muscle. 

system both directly and indirectly. With the onset of 
exercise, the metabolic changes in the working muscle 
directly cause vasodilatation through metabolic au-
toregulatory mechanisms. These same changes are 
probably also the stimuli activating muscle afferents 
that can affect the behavior of the central integration 
unit, raising the set point, but not changing the gain. 
If a sufficiently large portion of the peripheral vas
culature is involved in the autoregulatory vasodila
tation, there will be a transient decrease in central 
arterial pressure, which will activate a widespread 
response to increased baroreceptor signals. These in
itial events, illustrated in Figure 8, may be comple
mented by "exercise pattern" signals from higher 
brain stem and cortical centers, which have the effect 
of raising the set point of the baroreflex system in the 
medulla and of redirecting increased vasoconstrictor 
outflow to specific tissues. As a result of these signals 
to the system, the intensity and pattern of outflow 
signals are altered (Fig. 9). 

At low levels of exercise intensity, the primary 
changes involve only the regulation of the heart. The 
inhibitory influence of the parasympathetic system is 
withdrawn, while the excitatory influence of the sym
pathetic system, affecting both heart rate and myo
cardial contractility, is increased. With low exercise 
intensity, these changes in cardiac function, leading 
to increased cardiac output, are usually sufficient to 
meet the requirements for increased perfusion of 
working muscles. 

As the intensity of exercise increases, the increases 
in cardiac output are not sufficient both to meet the 
exercising muscle requirements and at the same time 
perfuse all other tissues at their basal level. When this 
occurs, peripheral vasoconstriction in selected tissues 
is brought about by increased activity in sympathetic 
vasoconstrictor fibers. The specificity of this vasocon
strictor response is clearly indicated by the omission 
from the response of increased vasoconstrictor activity 
to tissues such as the skin and the brain. These 

changes in outflow patterns with increasing exercise 
intensity are probably initiated by an increased input 
from higher centers involved with regulation of skel
etal muscle activity. The contribution of other periph
eral stimuli affecting receptors, such as lung stretch 
receptors, arterial chemoreceptors, and joint recep
tors, is still unclear.2 

The interaction between neural and local chemical 
regulation of blood flow in working muscle has not 
been clearly defined. At least three possibilities exist: 
1) withdrawal of sympathetic vasoconstrictor activity 
permitting full expression of the effects of autoregu-
lation; 2) increased sympathetic vasoconstrictor activ
ity similar to that seen in nonworking muscle, but 
overridden by metabolic autoregulation; and 3) with
drawal of sympathetic vasoconstrictor activity and 
addition of sympathetic cholinergic vasodilator activ
ity to support metabolic vasodilatation. In both man 
and animals the forces causing vasodilatation in 
working muscle can override experimentally imposed 
generalized increases in peripheral vasoconstrictor 
activity.71,72 In animals, the presence of cholinergic 
vasodilator fibers to muscle has been clearly demon
strated,43 and Honig has recently suggested that local 
neural vasodilator fibers are of primary importance 
in initiating and maintaining exercise hyperemia.57 

However, sympathetic vasodilator fibers, at least to 
peripheral muscles, have not been demonstrated in 
humans in spite of a detailed search for them.45 No 
direct recording of sympathetic vasoconstrictor activ
ity to working muscles has been made either in man 
or animals, so the question of involvement of this 
part of the sympathetic system in working muscle 
blood flow regulation is still unsettled. The suggestion 
that sympathetic vasoconstrictor activity is withdrawn 
in working muscles is supported by the lack of effect 
of sympathectomy on exercise hyperemia and by the 
absence of direct evidence of increased activity in 
sympathetic vasoconstrictor fibers to working muscle. 
The known capability of the sympathetic nervous 
system to support very discrete changes in blood flow 
in response to specific peripheral stimuli2, 73, 74 also 
suggests that in man there is no conflict between local 
and neural control signals to vessels of working mus
cle during exercise. 

CONCLUSIONS 

The regulation of the cardiovascular responses to 
exercise is thus a combination of neural regulation 
operating through a pressure-monitoring system and 
autoregulation in working muscles. The neural regu
lation is responsible for the necessary changes in 
cardiac activity and for the integration of blood-flow 
changes in certain nonstressed tissues. The blood-flow 
requirements of working muscle are met primarily, if 
not exclusively, by autoregulation and serve as the 
stimulus directing the neural regulatory patterns. 
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