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Interaction of Cardiopulmonary
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A B S T R A C T Activation of cardiopulmonary re-
ceptors with vagal afferents results predominantly in
reflex inhibition of efferent sympathetic activity,
whereas activation of somatic receptors reflexly in-
creases sympathetic activity to the heart and circula-
tion. Previous studies in experimental animals indicate
that there is an important interaction between these
excitatory and inhibitory reflexes in the control of the
renal circulation.

The purpose of this study was to determine whether
there is a similar interaction between somatic and
cardiopulmonary reflexes in humans. The activity of
the cardiopulmonary receptors was altered (reduced)
with lower body negative pressure (-5 mmHg), which
causes a decrease in cardiac filling pressure and a small
reflex increase in forearm vascular resistance without
accompanying changes in arterial pressure. Activation
of somatic receptors by isometric handgrip for 2 min at
10 and 20%of maximum voluntary contraction restulted
in reflex vasoconstriction in the nonexercising arm.
Lower body negative pressure at - 5 mmHg produced a
threefold augmentation in the forearm vasoconstrictor
response to isometric handgrip in the nonexercising
arm. This increase in resistance was significantly
greater (P < 0.05) than the algebraic sum of the
increases in resistance resulting from lower body
suction alone plus isometric handgrip alone. Further-
more, it occurred despite a greater rise in arterial
pressure, which would be expected to decrease foreairm
vascular resistance through activation of arterial
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baroreceptors and through passive dlilatation of forearrm
vessels. Thus, removal of the inhlibitorv infltuenice of
cardiopulmoniary receptors by pooliing 1)lood0 in the
lower extremities enhanices the soimiatic reflex. These
data suggest an interaction l)etween cardliopulm ionarv
and somatic reflexes in the control of forearrm vascular
resistance in man.

INTRODUCTION
Activation of cardiopulmonary receptors with vagal
afferents reflexly inhibits sympathetic adrenergic
discharge to mnany vascular beds in animals and humans
(1-6). Conversely, activation of somatic receptors
triggers excitatory reflex responses as a result of
increased symipathetic adrenergic discharge (7-10).
Exercise is a potent stimulus to somatic receptors anid
results in reflex increases in heart rate, meian arterial
pressure, and systemic vascular resistance (8, 11, 12).
The effects of exercise on cardioptlmiioniary receptors
are less well-defined but the increase in ventricular
contractility and stroke voltumiie wouil(d be expected to
aiugment the discharge of' cardlioptl m)oniarv receptors
with vagal afferents (13, 14) anid, thuis, reflexlv inhibit
sympathetic ouitflow to the resistaniee vessels (14).
Interactions letween the inhibitory car(lioptlll moniary
reflex andl the excitatory somlatic reflex may, therefore,
play ain imnportanit role in the neuiral conitrol of' the
circulation (lutring exercise.

In the dog, there is an important interaction among
somatic, sinoaortic, and cardiopulmonary (vagal)
reflexes (15-17). The reflex renal vasoconstrictor
response to stimulation of somatic afferents was
markedly augmented after removal of the tonic inhibi-
tory influence of cardiac vagal afferents on the sym-
pathetic system (17). Conversely, the somatic reflex
was inhibited after activation of the cardiopulmonary
receptors by volume loading (17). The purpose of the
present study was to determine whether an initeraction
between the somatic and cardiopulmonary reflexes
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is present in humans. The results show that the
increases in forearm vascular tone, observed with
isometric handgrip, are markedly potentiated by
reducing the stimulus to the cardiopulmonary re-
ceptors with low levels of lower body negative
pressure (LBNP).1

METHODS

11 healthy males, 21-33 vr, were studlied. The studlies were
(lone with the suhject lying supine in a warm (26°C) quiet
room. The lower body was enclosed in an airtight box to the
level of' the iliac crests. Low levels of' LBNP have been
previously shown to decrease the tonic inhibitory influence
f'rom receptors in the calrdiopulmoniarv area without changing
arterial bloo10 pressure andl to result in a dlecrease in forearmll
blood flow (5, 6). Blood flow to the right forearmii was meassured
with a Whitney mercury-in-silastic strain gauge plethysmo-
graph (18). The strain gauge was placed around the f'orearm,
4-8 cm distal to the elbow. The arm was elevated and
supported at the wrist so that the proximal forearm was - 10 cm
above the anterior chest wall. A pneumatic cuff was placed
around the upper arm and inflated intermittently above
venous pressure for 6-8 s. To exclude the circulation to the
hand, a seconid cuff applied to the wrist was inflated to supra-
systolic pressures during the measurements. Forearm blood
flow was calculated f'rom the rate of' increase of f'orearm
volumiie during venous occlusion and expressed as milliliters
per minute per 100 ml forearm volume. Arterial blood pressure
was dletermined by sphygmomlanometry f'rom the left arm.
One of' us, J.L.W., performed all the blood pressure deter-
minations to eliminate interobserver variation. Mean arterial
pressure was calculated by adding one-third of the pulse
pressure to the diastolic pressure. Forearm vascular resistance
was calculated by dividing mean arterial pressuire in mil-
limeters of Hg by forearm blood flow.

Somatic receptors were stimulated by isometric handgrip.
Each subject squeezed a handgrip dynamometer (Weston
dynainomneter; Weston Instruments, Inc., Newark, N. J.) to
the maximal force he could develop with the left hand. This
meassuremenit was taken as the subject's maximal voluntary
conitraction (MVC). Subjects were then asked to maintain a
tension of 10 and 20%of their MVCfor 2 min. Care was taken
to insure that the subjects did not perform a Valsalva maneuver
during the 2-min periods of' handgrip exercise. In addition,
the subjects were trained to avoid contracting the muscles
of' the nonexercising arm. The magnitude of the response to
exercise was determined by the degree of vasoconstriction
observed in the nonexercising right forearm.

In four subjects, central venous pressure was continuously
measured with a cannula (60 cm long, 0.7 mmi.d.) inserted
into an antecuibital vein and advancedl into an intrathoracic
vein.

Heart rate was determined in all subjects by continuous
electrocardiograims recorded at 2.5 mm/s.

The changes in mean arterial blood pressure, heart rate,
forearm blood flow, and forearm vascutlar resistance, which
restulted from isometric handgrip alone, were compared with
those that occturred when the exercise was performed
during LBNP.

Protocol. The study protocol was approved by the Human
Study Committee of' the Uniiversity of' Iowa College of

1 Abbreviations used in this paper: LBNP, lower body
negative pressture; MC\', m-aximal voltuntary contraction.

Medicine, and informed written consent was obtained from
all subjects.

Recordings were made during the following interventions:
(a) LBNPat -5 mmHg, (b) handgrip at 10% MVC, (c) hand-
grip at 20% MVC, (d) handgrip at 10% MVCplus LBNP at
-5 mmHg, and (e) handgrip at 20% MVCplus LBNP at -5
mmHg. The order of these five interventions was randomized.
Each study period lasted 6 min, incluiding 2 min each of
control measurements, measurements during interventioni,
and recovery measurements. There was a 5-min rest periodl
between each 6-min stuidy period. Forearm blood flow andl
heart rate dleterminiiations were m-ade between 30-90 s of'
each 2-miml interval; blood pressture was determinedl
between 60-90 s.

Data analy sis. Statistical comparisons were made with
the t test for paired observations or by analysis of variance.
Values of' P < 0.05 were considered significant. Results are
expressed in the figures and text as; mea-+-1 SE.

RESULTS

Effect of LBNP (-5 mmHg). During LBNP at
-5 mmHg, central venous pressure decreased by
1.5-2.5 mmHg in the 4 of 11 subjects in whom it was
measured. This low level of LBNP produced a small
increase in the forearm resistance without significantly
altering systemic arterial pressure (Table I). There was
no reflex tachycardia; in fact, a slight but significant
decrease in heart rate was noted.

Effect of isometric handgrip exercise. Table I and
Figs. 1 and 2 show that handgrip at both 10 and 20%
of MVCproduced no significant change in calculated
forearm vascular resistance, but there were significant
increases in arterial pressure and heart rate. There
was no change in central venous pressure with iso-
metric handgrip at either 10 or 20% of MVC. The
increases in heart rate and arterial pressure were
greater during handgrip at 20% than during handgrip
at 10% of MVC.

Effects of LBNPon responses to handgrip. Table I
and Fig. 2 show that LBNP caused a greater than
threefold increase in the forearm vasoconstrictor
response to handgrip at 10 and 20%of MVC, an increase
in the arterial pressure response at 20% of MVC, but
did not alter the heart rate response. The increases in
resistance and arterial pressure were greater than the
algebraic sum of the increases for each intervention
alone. The decrease in central venous pressure was
unchanged from that observed with LBNP alone.

DISCUSSION

The data indicate that the reflex vasoconstrictor
response to isometric handgrip is markedly augmented
during LBNP. The augmentation of the response was
significantly greater than the simple algebraic sum of
the vasoconstriction caused by LBNP alone plus that
caused by isometric exercise alone. These results
are consistent with the view that LBNPreduced a tonic
inhibitory influence of cardiopulmonary receptors on
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TABLE I
Effects of LBNPand Isometric Handgrip with and without LBN Pressure

Mean Forearm
arterial Forearmii vascular

Heart rate pressure blood flow resistance

beatshnin mnmti Hg ml/miri/IOO ?111mlrm Hg/mlnmiin/1OO rnl

Effect of LBNP
Control 63+4 88±2 5.0+0.4 19+2
LBNP (-5 mmnHg) 60±3* 86±2 4.5+0.5* 21+2*
Recoverv 62+4 87±2 4.9+0.5 20+2

Effect of handgrip
Control 60+3 86+2 4.8+0.6 21±2
10% MIC 62±3* 94+3* 4.9+0.6 22±2
Recovery 60±3 89+2 4.9+0.6 21+2
Conitrol 62±3 88±2 4.8±0.6 21+2
20% MIVC 69±4* 99+2* 5.4+0.8 22+2
Recoverv 62+3 87+2 5.0+0.6 19+2

Effect of LBNPand handgrip
Control 59±3 90+2 4.8+0.7 22+2
LBNP plus 10% MVIC 60+3 94+2* 4.2±0.6* 26+3*
Recovery 60+3 88+2 4.7+0.7 21±2
Control 62±3 87±2 4.6+0.6 21+2
LBNP plls 20% MNIC 68-+3* 104 +3* 4.5+±0.6 28+4*
Recovery 63+3 87±2 4.8±0.6 20+2

Entries represent the mean value+l SEM.
* Values that are significantly different from control (P < 0.05).

the vasomnotor center and sympathetic efferent activity.
The data further suggest that removal of the inhibitory
influence augments the vasoconstrictor response to
stimulation of somatic receptors. The slope of the
responise to handgrip at 10 and 20% MVCwas not
only slhifted uip and to the left during LBNP but it
becamiie steeper (Fig. 2). An interaction, mainly l)e-
tween an inhibitory cardiopulmoniary reflex and
excitatory somnatic reflex, must take place to produce
a steeper stimutilus-response cturve and a net response
greater thani the sUmIl of the two individual reflex
responses at two levels of handgrip (10 anid 20% MVC).

This interpretation of the forearm vascular responses
is dependent on an uinderstanding of the effect of
LBNP on the reflex influence from four groups of
receptors: soimiatic receptors, cardiopulmonary re-
ceptors with vagal afferents, cardiopulmonary recep-
tors with symnpathetic afferents, and mesenteric
receptors with spinal afferents. Naturally, this under-
standing is based on evidence from studies in experi-
mental animials. The vagal afferents mediate inhibitory
influenices oni syimipatlhetic ouitflow to peripheral beds
(13). These receptors are sensitive to changes in
volume and, thuis, LBNP would reduce the inhibitory
input fromii these receptors and result in an increase
in symipathetic vasomiiotor activity. Cardiopulmonary
receptors with sympathetic afferents appear to mediate

largely excitatory influences (19). These influences
may be mediated at spinal and supraspinal levels.
It should be noted that reflex effects mediated by
these endings may be difficult to detect when vagal
afferents and sinoaortic pathways are intact. It would
be anticipated that LBNP would reduce the input
from these endings. If cardiopulmonary receptors
with sympathetic afferents exert a tonic excitatory
influence on vasomotor outflow to the peripheral
circulation, removal of such an influence would result
in an inhibitory response rather than the excitatory
one that we observed in the forearm during LBNP.
Somatic receptors activated during exercise mediate
generalized excitatory responses (20). There is little
reason to suspect an important influence of LBNP
on these endings. Mesenteric receptors appear to
mediate excitatory influiences during increases in
venous pressure which, thus far, have been demon-
strated to occur only at the spinal level (21). LBNP
would, however, be expected to excite these endings
and induce excitatory responses.

Thus, LBNPcould augment the response to handgrip
either by withdrawing an inhibitory cardiopulmonary
reflex or by augmenting an excitatory mesenteric
reflex. The role of the mesenteric reflex may be minor
for the following reasons. It has been shown by
Clement et al. (22), that in the rabbit with sinoaortic

Potentiation of Somatic Reflex Response in Humans 1493



Effect of LBNP
F Con~trol

Flow L 4.3 4.2
B.P. 120/70
Res. 20.5

BNP

4.4 4.31
122/70

20.0

Effect of Handgrip
E- Control

Flow L 4.6 4.9
B.P. 122/76
Res. 19.2

Effect of LBNP and Handgrip

Flow L 4.0
B.P. 120/78
Res. 23.3

20% MVC

/1 /~~~~~~~~~~~~~~~~~~
4.2 4.3 \i

122/90
23.8

20% MVC
+ LBNP

'2.5 2.2
130/100

46.8

Recovery

4.8 4.7
110/76

18.3

Recovery

4.0 3.4
120/80

25.1

H-I
10 s

FIGURE 1 Plethysmiiographic tracings obtainedl in one slbl)ject befhOre, durinig, an(l after three
interventionis: (a) LBNPat -5 mmnHg, (b) handgrip at 20% of MVC, anid (c) LBNPaind( handgrip.
Calculatedl value of forearm 1)lood flow in milliliters per iuinute per 100 ml of forearmii volumne are
shown beneath each tracing. Corresponding values of arterial pressure (B.P., millimeters of Hg)
and calcSulated forearm vascular resistance (Res.) are also shown. This figuire shows responses
of a subject in whomthe reflex effects were particularly strikinig.

baroreceptor denervation, expansion of the blood
volumiie reduces renal nerve activity. After section of'
the vagal nerves, no change in renal nerve activity was
observed during volumile expansion, even though the
discharge of mesenteric receptors would most likely
have been augml-ented during increases in venous
pressture that normally accompany volume expansion.
We have observed similar results in the dog (23). In
additioni, it should be noted that the suction box used
in our studies applies negative pressure at and below
the level of the iliac crests. Venous pressure in most
mesenteric and other intraabdominal veins would be
expected to decrease during LBNP so that the dis-
charge of tonically active excitatory receptors in this
area would be reduced. On this basis, it is most likely
that the augmentation of the excitatory somatic reflex
in the forearm by LBNP is mainly the result of a with-
drawal of an inhibitory cardiopulmonary reflex, but we
cannot completely exclude the possibility that mesen-
teric veins in the pelvis are distended during LBNP
and contribute to the excitatory reflex.

In the present study, as well as in previous studies in
man (5, 6), LBNP at low levels of suctioin was sufficient
to cause reflex forearm vasocon!striction in the absence

of tachyeardia and( signiificant decreases in arterial
pressure. Becauise this level of LBNP does not sig-
nificantly chanige arterial pressure (5, 6), it seemns
reasonable to suiggest that low level LBNP, like non-
hypotensive hemorrhage in animuals, decreases the
tonic inhibitory influenice of cardiopulmonary re-
ceptors on efferent sympatlhetic activity without
importantly altering the stimiiulus to the aiterial
baroreceptors (24, 25).

The marked augmentation of the reflex response
to isometric exercise when the cardiopulmoniary
receptors were inhibited by LBNP suggests an inter-
action l)etween the two reflexes rather than a sunmma-
tion of the responses. Several studies have reaffirmed
the concept of interaction of reflexes in the control of
circulation. Wehave shown such interactions between
arterial baroreceptors and chemoreceptor reflexes
(26), between cardiopulm-onary receptor and arterial
baroreceptor as well as chemoreceptor reflexes (27, 28),
and between somatic and arterial as well as cardio-
pulmonary reflexes in animals (16, 17). This is the
first demonstration that an excitatory reflex in man is
augmented by removing the tonic inhibitory influence
of the cardiopulmonary receptors.
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A Mean Arterial Pressure .

I
H.G. H.G.
10% 20%
MVC MVC

LBNP LBNP
+ +

H.G. H.G.
10% 20%

A Forearm Blood Flow

A Forearm
Vascular Resistance

T'F'
LBNP H.G. H.G.

-5 mmHg 10% 20%
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*
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I A Heart Rate

I
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cncv)
4

21-

LBNP
H.G.
20%

-2

LBNP
-5 mmHg

EI
H.G. H.G.
10% 20%
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FIGURE 2 Changes in meani arterial pressuire, forearm)0blood flow, forearmii vascular resistanice,
and heart rate that resulte(d fromn LBNPat -5 mmnHg, from isometric handclgril) (H.G.) at 10 and 20%
of MVC, and during concomnitanit LBNP and H.G. at 10 and 20% of MVC. The chalnlges in each
sulbject were caleculated by subtracting the value obtained durinig the intervenition from the
control value. Asterisk (*) indicates that response to LBNPplts H.G. at 10% MVCis significantly
greater (P < 0.05) than the algebraic stum of LBNP alone pltis H.G. at 10% M1VCatlone. Double
asterisk (**) inidicates that responise to LBNPplts H.G. at 20% MIVC is significantly greater than
the algebraic stim of LBNPalonie pluis H.G. at 20% M1VCalonie. Changes thalt atre nlot signiificanitly
different are so indicated. Data presented as mean-t-SE.

The absence of a significant increase in calculated
forearmn vascular resistance during handgrip alonie dloes
not mnean that there was no increase in vasomnotor tone
of forearm resistance vessels. The rise in arterial
pressure during exercise was significant, and vaso-
motor tone had to increase for vascular caliber to be
mainitained and for calcuilated resistance not to de-
crease passively. Thus, there was a vasocoInstrictor
responise that was not apparent fromii the calculated
resistance changes. The association of an increase
in resistanice in the f:ace of a signiificaint autgmiienitation
of' the arterial pressture response, as was seeni durinig
con-comiiitant exercise and LBNP, incdicates that a major
potenitiation of' this increase in vasomiiotor tonie had
takeni place.

Despite an increase in arterial pressutre, which would
be expected to inhibit sympathetic activity by activat-

ing arterial baroreceptors, the actixationl of' somiuatic
receptors by exercise causes reflex increatses in heart
rate anid in vasomotor tone. The most likely explancationi
for the sutstaine(l excitatorv response is the reported
inhibition of the arterial baroreceptor reflex during
exercise (11, 29). Althouglh the arterial baroreflex is
suppressed durinig exercise, the input fromii the baro-
receptors can modulate the siomatic reflex. Work by
Kumiada et al. (15), as well as previous work from ouir
laboratory (16, 17), lhas showni that, in the dog, the
reflex vasocon striction prodtuced bN electrical stimuIail-
tion of the central enid of the cutt sciatic nierve is autig-
miented by lowerinig carotidl sinuts pressture and re(duicedc
when carotid sinuis pressture is elevated. The inerease
in arterial pressture during exercise couild thuis be
expected to buf'fer the excitattory somaltic reflex but niot
prevent it. The imiarked potentiatioin of' the vaso-
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constrictor response to exercise during LBNP which
we observed might have been greater if the simultane-
ous rise in arterial pressure had been prevented.

The complexity of the neural control of the circula-
tion is evident from the fact that we observed a small
but significant bradycardia at a time when there was
forearm vasoconstriction. This finding may be best
explained by a withdrawal of an excitatory reflex
during LBNP. In this regard, it is known that activation
of atrial receptors with vagal afferents by volume
loading or by distention of pulmonary vein left-atrial
junctions can result in tachycardia at a time when
vasomotor outflow to the periphery is decreasing (30).
This is thought to be the basis for the Bainbridge
reflex (30). More recent evidence suggests that cardiac
receptors with sympathetic afferents could also
contribute to this reflex (24). It can be suggested that
reduced input from atrial receptors with vagal afferents
or from cardiac receptors with sympathetic afferents
during LBNP was responsible for the small brady-
cardia that we observed.

On the basis of our results, a mechanism for the
significant increase in sympathoadrenal response to
exercise noted in humans and animals with heart
failure (31, 32) can be suggested. There is evidence
in animals that the sensitivity of atrial receptors with
vagal afferents (33, 34) is reduced in congestive heart
failure. Kivowitz et al. (12) has demonstrated a 5-10%
increase in systemic vascular resistance with 15%
handgrip in patients with coronary artery disease or
mild heart failure (class I and II). In patients with
class III heart failure, the increase in systemic vascular
resistance with the same level of handgrip was >30%.
Several investigators have shown that the sympatho-
adrenal response to exercise is increased in patients
with heart failure (35-37). We speculate that the
altered sensitivity and, thus, reduced inhibitory
influence of cardiopulmonary receptors in heart
failure may contribute to this increased sympatho-
adrenal response to exercise in patients with heart
failure. The observation that reducing the influence
of cardiopulmonary receptors in man leads to an
augmentation of the vasoconstrictor response to iso-
metric exercise is consistent with this view. Studies
investigating cardiopulmonary receptor function in
patients with heart failure should advance our under-
standing of the importance of these receptors and
their interactions with other reflexes in the heart
failure syndrome.
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