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An augmentation of ventilation or
hyperpnoea, typically accompanies all orders
of exercise. It may be present as an accelerated
rate or an increased depth of breathing. The
first to examine this feature of exercise
related hyperpnoea were Krogh and
Lindhard (1), who observed that ventilation
could increase even before exercise had begun.
They found evidence that ventilation
increased in subjects who ‘were expecting
to start exercising but had as yet not begun
to do so’. They attributed this influence to
‘an irradiation of impulses from the motor
cortex rather than a reflex from the muscles’.
In other words, a network of central
neural pathways that controls ventilation,
locomotion and automotive functions seems
to be operative at the onset of exercise, with
an increased ventilation during exercise
being sustained by the activation of muscle
afferents (Group Il and 1V) (2).

However, an important observation in
exercising individuals is that despite an
increase in ventilation, the end-tidal CO,
(eTCO,) does not fall i.e. the hyperpnoea of
exercise is isocapneic and not hypocapneic.
Although it is fairly well established that
when subjects are made to hyperventilate
voluntarily to the same magnitude, a rapid
reduction in the end tidal CO,, does indeed
occur. Nevertheless, end-tidal CO, can

remain unchanged if perfusion were to
increase just as rapidly as ventilation does.
It is fairly well established that an increase
in cardiac output is produced not only by
maximal levels of exercise but also by
submaximal ones (3). Even mere leg lifting
leads to a significant increase in cardiac
output in healthy subjects (4). Thus levels
of cardiac output and respiration do bear a
close relationship to each other.

Mills (5) was the first to systematically
examine the influence, on the respiration
of human subjects, of an increase in blood
flow into the pulmonary circulation. He used
a physiological model of increasing venous
return. This was achieved by at first
producing venous congestion by tying
tourniquets around both the lower limbs and
then releasing them suddenly by untying
them all at once. This method of
accumulating blood from the central
circulation into the peripheral circulation
has been used as an effective method for
reducing ventricular load after a myocardial
infarct (6, 7) and has been known since the
observations of Danzer (8). Kountz et al.
(9) studied the influence of this procedure
in great detail noting its effect on the
resultant venous and arterial pressures and
on the cardiac output. On comparing its
outcome in normal subjects with that of
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patients with cardiac complaints, they
recommended that it was indeed very useful
in relieving paroxysmal cardiac dyspnoea
after an acute myocardial infarction.

On releasing the accumulated blood in
85% of the subjects that he studied, Mills
observed a simultaneous increase in
ventilation. Evident with the first breath,
it was either seen as (i) rapid shallow
breathing or (ii) a series of deep breaths or
(iii) a single large breath. A noteworthy
increase in ventilation was similarly seen,
rapidly accompanying an increase in cardiac
output that occurred with leg lifting i.e. by
another physiological model of increasing
venous return (4). With this method,
ventilation was augmented by about 36%
and was produced by an obvious acceleration
in breathing frequency rather than by an
increase in the tidal volume.

I. ARTERIAL CHEMORECEPTORS

a. Accumulated metabolite

The most obvious stimulus for the
increase in ventilation after the release of
tourniquets, seemed possibly to be an
accumulated metabolite, which on being

released from the stagnant blood may
have acted on the peripheral arterial
chemoreceptors and given rise to the

observed respiratory reflexes. Since Mills
(5) did not find any correlation between
the duration of the congestion and the
magnitude of hyperpnoeic response, he
concluded that a chemical was not a likely
stimulus. Several years later, Innes et al
(10) also came to a similar conclusion while
studying the effect on ventilation, of
restricting blood flow in the periphery, at
the end of a given period of exercise.
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b. Hypoxia of stagnant blood

In addition, two further observations
made by Mills indicated that the augmentation
of ventilation did not arise by the
stimulation of the peripheral chemoreceptors.
The first of these was that the hyperpnoeic
response of subjects did not diminish when
made to breathe pure oxygen. In a later
study, using a similar physiological model
of increased venous return, i.e. subjecting
the lower body to negative pressure (LBNP)
and then releasing it, Lawler et al. (11) also
came to a similar conclusion. The influence
of the release of LBNP on the breath by
breath parameters of ventilation i.e. tidal
volume (V,) and breathing frequency (f,),
were similar whether the subjects breathed
pure oxygen or just room air.

The second and more significant
observation made in this regard by Mills
was that, if cyanide was injected in a vein
just distal to the tourniquet and just before
its release it produced a second and a more
pronounced phase of accelerated breathing.
The timing of the onset of this second phase
suggested that it originated from peripheral
chemoreceptors (12). The second period was
approximately 2 seconds later and it was
about the interval that it took subjects to smell
ether when ether was injected into a vein just
distal to the tourniquet, before its release.

c. Hypercapnia of stagnant blood

Just as there was a likelihood of the
released hypoxic blood stimulating the
arterial chemoreceptors, there was also the
possibility of the hypercapnia of the
stagnant blood exerting an influence on the
chemoreceptors both peripheral and central.
Lawler et al. (11) examined this by
comparing the extent of increase in
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ventilation of subjects who while being
subjected to LBNP, also breathed gas
mixtures which either consisted of a low
percentage of CO, (1.25%) or a higher one
(2.25%) in O, and were compared to a breath
by breath measurement of (V,) and
breathing frequency (f;), when the same
subjects breathed either room air or almost
pure oxygen (95%). An increase in
ventilation when LBNP was released was
evident in all cases as an increase in f, more
than an increase in V.. However, the point
to note was that the presence of hypercapnia,
either a borderline increase over physiological
levels or a greater one, could not account
for the increase in ventilation that was seen
with the above procedure. Ventilation was
augmented to the same order as when the
subject breathed pure oxygen or room air.

d. Pulmonary stretch receptors

The observation that the respiratory
effect of releasing the accumulated blood was
primarily seen during inspiration and that
it could occur mid-expiration or even at the
height of inspiration, seems to suggest
strongly that this reflex was not mediated
by the pulmonary stretch receptors (5).

Il. VASCULAR FACTORS

Exercise physiologists studying the
increase in ventilation that persists after
exercise has ended, have also entertained
the notion that this augmentation is related
to a concomitant increase in cardiac output.
This was at first shown in dogs by
increasing cardiac output by injecting
isoproternol intravenously (13). Ventilation
was enhanced almost immediately (the next
breath) with the increase in heart rate and
persisted for as long as the haemodynamic
changes remained sustained. Furthermore,
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hyperpnoea was not diminished by ventilating
the dogs with pure oxygen (see above) or by
removing the carotid bodies. A marked
augmentation in ventilation was also seen
in dogs who had pulmonary congestion and
in whom an increase in pulmonary blood
flow was produced by exercising them on a
treadmill (14). This increase in ventilation
was susceptible to cooling of the vagi - a
procedure whereby the afferent impulses in
these nerves are blocked (15).

Brown et al. (16) studied a situation
in exercising subjects, which was opposite
to the above and proved the same point.
Essentially they used intravenous propanalol
hydrochloride, a B-adrenergic blocker which
decreases heart rate and cardiac output but
does not influence oxygen consumption or
arterial oxygen saturation. Under its
influence heart rate fell by about 17% and
ventilation (V_) was reduced by about 9.6%.

WHAT DOES AN INCREASE IN BLOOD FLOW
STIMULATE?

(a) Intrapulmonary CO, receptors

Accompanying the increase in cardiac
output produced by leg-raising, was a
significant increase in Evco, Boone and
Foley (4) considered the stimulation of
possible carbon dioxide-sensitive sensory
receptors in the pulmonary vasculature to
be responsible for the respiratory reflexes
seen. This question had also been addressed
to earlier, by Green and Sheldon (17). Their
results allow one to conclude that the
presence of an increased CO, output, while
ventilation was increasing linearly in
response to an increasing pulmonary blood
flow, produced an additive effect on the
former.
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(b) Pulmonary artery baroreceptors

Bianconi and Green (18) and Coleridge
and Kidd (19, 20) showed that certain vagal
endings in the wall of the pulmonary artery
and its branches responded to an increase
in the pulmonary artery pressure and could
influence ventilation. These receptors came
to be referred to as pulmonary artery
baroreceptors. However, most studies did
not find a correlation between the natural
stimulus of these receptors, which was
expected to be the pulmonary artery pulse
pressure, and their responses.

In later studies Kan et al. (21) showed
a significant increase in breathing frequency
on raising the pressure inside the
pulmonary arteries. Ledsome et al. (22)
reported similar results that further
demonstrated that these reflexes were
mediated through the vagus nerve. But, it
is also imperative to point out that all of
the above results were obtained within the
range of pulmonary pressures that were not
encountered physiologically.

A single most meaningful observation
that dispelled the likely role of pulmonary
artery baroreceptors in influencing
ventilation was made by Lloyd (23) on
vascularly isolated pulmonary artery and
right ventricle. He concluded that unless
the pressure was raised to 27-70 torr, to
enable an increase in the blood flow to about
400 ml/min i.e. considerably higher than
that encountered in the physiological range,
no notable increase in the amplitude or rate
of the phrenic nerve discharge could be
achieved. Moreover, the increase in
respiration was quite modest (increasing by
3-4 breaths/min) and Lloyd also suspected
that the extreme distension of the pulmonary
artery that was carried out in order to
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achieve the required rise in the pulmonary
artery pressure (PAP) may have occluded
the systemic blood supply to the arterial
chemoreceptors located on the innominate
artery, lying just beneath it and
consequently the increased ventilation
occurred due to the resulting anoxia (24).

Recently, Hainsworth and co-workers
(25, 26), have reiterated that a positive feed-

back or a ‘feed-forward’” mechanism
originates from the pulmonary artery
baroreceptors providing an increased

respiratory drive. These recent demonstrations
were aimed at determining the response of
pulmonary artery baroreceptors to a range
of distending pressures that are within the
physiological range. They found that under
experimental conditions when the chest is
intact (unlike as in the earlier studies), the
phasic negative intrathorasic pressure
lowers the threshold pressure of the
pulmonary pressure-baroreceptor response
relationship. According to them, this implied
that under normal conditions, these
receptors would be responsive to the
prevailing pulmonary artery pressures.
However, these observations do not yield
any evidence as to the extent of their
stimulation when pressures were to increase
further e.g. during exercise and pulmonary
hypertension. Moreover, the following
discrepancies between the responses of the
pulmonary artery receptors themselves and
the role attributed to them have to be
resolved before one can conclude that the
reflexes originating from them contribute
to the hyperpnoea of exercise. One is a set
of observations made by Bevan (27) on the
respiratory acceleration seen in cats after
injecting lobeline into the pulmonary artery
and the other, more recently observed, is in
patients of heart and heart and lung
transplant (28). Bevan attributed the reflex
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effects of lobeline injected seen within 2 sec
to a stimulation of pulmonary baroreceptors.
For such short latencies, one would have to
assume that the sensory endings were in
direct contact with the blood in the
pulmonary artery, which not being likely,
gives rise to the possibility of the origin of
hyperpnoea from receptors from somewhere
further downstream or from a site that is
accessible from the capillary circulation (in
so short an interval).

The observations that advocate the
possible involvement of pulmonary
baroreceptors, cannot, however, preclude
the role of vagal receptors in the pulmonary
bed, which must also experience the rise in
pressure and an increase in flow. This was
never more obvious in Bevan’s study (27)
and is discussed further in a later section.

c. Receptors near pulmonary capillaries

From the latency of response to the
stimulus of releasing the occluded blood,
Mills concluded that the site of origin of
the hyperpnoea was located somewhere in
the pulmonary capillaries. The following had
been concluded from earlier experimentations:
receptors in the pulmonary vascular bed
gave rise to the marked tachypnoea that
arose reflexely, as a result of multiple
pulmonary embolism and also that it required
intact vagi. This was supported by two key
clinical observations that (i) pulmonary
congestion was always accompanied by
dyspnoea (29), and (ii) in cases of primary
sclerosis of the pulmonary arteries there is
no evidence of dyspnoea, suggesting that
receptors proximal to the pulmonary
arteries are not involved in the reflexes (30).

In 1955, Paintal (31) identified receptors
near the pulmonary vasculature that were
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located specifically near the alveoli and
accessible only through the venous
circulation. These, referred to as the
juxtapulmonary capillary (J) receptors, are
stimulated by certain drugs and chemicals
(especially phenyl diguanide or PDG)
injected intravenously and by an increase
in interstitial volume (32, 33). A noteworthy
stimulation of the J receptors is also
produced by pulmonary congestion produced
by phosgene gas (34). The respiratory reflex
effects that they give rise to consist of
tachypnoea followed by an apnoea or the
two occurring in reverse sequence.

But most importantly, in cats the
activity of J receptors increases significantly
(from a near zero resting value to 0.75
impulses/sec) when pulmonary blood flow is
increased by 133%, i.e. twice cardiac output
(35). This level of increase in their activity
is normally seen accompanying an injection
of phenyl diguanide that causes a 40-140%
increase in ventilation (36). In addition to
reflex respiratory acceleration, stimulation
of J receptors in human subjects by injecting
an alkaloid, lobeline intravenously, gives
rise to certain sensations that are typically
confined to the upper respiratory (chest)
areas (37). The foregoing conclusion was
inevitable as the respiratory reflexes and
sensations occur within a few seconds of
each other. Furthermore, they demonstrated
quite clearly that the other predominant
group of lung receptors-the pulmonary
stretch receptors had no role to play in
the perception of the lobeline-induced
respiratory sensations.

reflexes and sensations after

denervation

Respiratory
pulmonary

The above observations and conclusions
have also been reaffirmed in patients who
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had recent bi lateral lung transplants (28).
In them, lobeline injected intravenously does
not give rise, either to respiratory reflexes
or to respiratory sensations in the same
manner (qualitatively or quantitatively) as
it does in normal subjects. Thus it is quite
apparent that an intact pulmonary vagal
innervation is vital for above mentioned
respiratory reflexes to occur and the
accompanying sensations to be felt. The
presence of lobeline-induced sensations in
heart transplant subjects, who were also
studied similarly in this investigation provides
further proof that they do not arise from
any receptors in the region of the heart or
from any major blood vessels arising from it.

It is crucial that we review the hypothesis
put forward by Moore et al. (26) in the light
of the above findings on lung and heart
transplant patients. These investigators
have assigned a central role to the pulmonary
artery baroreceptors in influencing ventilation
when stimulated by a rise in pulmonary
artery pressure that is produced by the
increased cardiac output during exercise.

Exercise studies after pulmonary denervation

It is fairly well established that the
ventilatory response to exercise is
exaggerated still further in patients with
pulmonary hypertension (38, 39). Theodore
et al (38) conducted an exercise study on
patients with pulmonary hypertension,
before and after they underwent heart-
bilateral lung transplantation (HLT) and
compared the data obtained from them with
that from normals and those patients who
had undergone only heart transplantation
(HT). The criterion of the slope of minute
ventilation over carbon dioxide production
i.e. (VE/VO, ) was used to express a change
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in the ventilatory response. They observed
that in response to exercise, an increase in
ventilation after HLT was much reduced
compared to that obtained before surgery
and in addition it was not too different from
that of the normals. On the other hand, the
increase in ventilation in response to
exercise in HT patients was comparable to
the values obtained before their surgery.
Two obvious conclusions can be drawn from
these finding: (i) cardiac receptors including
pulmonary baroreceptors are not the site of
origin of the augmented ventilation seen
during exercise, and (ii) pulmonary sensory
receptors are more likely to have been
stimulated by a rise in pulmonary blood
flow, although they had been deafferented
in this situation. The important point to
note was that the haemodynamic changes
related to pulmonary hypertension were also
no longer present.

In Theodore et al’s (38) view since both
pulmonary hypertension and pulmonary
afferent innervation are absent in HLT and
no augmentation of ventilation is recorded
in response to exercise, this issue can only
be resolved by conducting neurophysiological
studies. One such study was the one
undertaken by Butler et al. (28). In the
foregoing account, it has been elaborated
upon that in subjects with deafferented
lungs (especially recent ones) - neither
respiratory sensations nor respiratory
reflexes are evoked by injecting lobeline i.v.
These findings thus attribute this function
to pulmonary sensory receptors albeit with
intact innervation. The above conclusion is
also supported by the observations of
Pfeiffer et al. (40) on respiratory sensations
evoked by loaded breathing in lung
transplant subjects. The intensity of
sensations (Borg scale score) in relation to
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the stimulus provided in the form of
increasing peak inspiratory mouth pressure -
expressed as a correlation coefficient, was
reduced in subjects after they had
undergone lung transplantation. This was
also accompanied by, as expected, reduced
ventilatory response to loaded breathing.

From the various studies discussed, it is
obvious that neither pulmonary baroreceptors
which may be stimulated significantly by
the increased blood flow nor pulmonary CO2
receptors (?) that may be stimulated by the
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increased CO, flow, are likely to mediate the
increase in ventilation seen during exercise.

The foregoing discussion inevitably
strengthens Mills’ observations made sixty
years ago, that when pulmonary blood flow
increases due to an increase in cardiac
output (with exercise), it stimulates sensory

receptors lying near the pulmonary
vasculature, that reflexely augment
ventilation. Further evidence in support

may be provided by studies that include
subjective data of responses.
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