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ABSTRACT 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 mm Hg), 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 resulted
in reflex vasoconstriction in the nonexercising arm.
Lower body negative pressure at —5 mm Hg 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 forearm
vascular resistance through activation of arterial
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baroreceptors and through passive dilatation of forearm
vessels. Thus, removal of the inhibitory influence of
cardiopulmonary receptors by pooling blood in the
lower extremities enhances the somatic reflex. These
data suggest an interaction between cardiopulmonary
and somatic reflexes in the control of forearm vascular
resistance in man.

INTRODUCTION

Activation of cardiopulmonary receptors with vagal
afferents reflexly inhibits sympathetic adrenergic
discharge to many vascular beds in animals and humans
(1-6). Conversely, activation of somatic receptors
triggers excitatory reflex responses as a result of
increased sympathetic adrenergic discharge (7-10).
Exercise is a potent stimulus to somatic receptors and
results in reflex increases in heart rate, mean arterial
pressure, and systemic vascular resistance (8, 11, 12).
The effects of exercise on cardiopulmonary receptors
are less well-defined but the increase in ventricular
contractility and stroke volume would be expected to
augment the discharge of cardiopulmonary receptors
with vagal afferents (13, 14) and, thus, reflexly inhibit
sympathetic outflow to the resistance vessels (14).
Interactions between the inhibitory cardiopulmonary
reflex and the excitatory somatic reflex may, therefore,
play an important role in the neural control of the
circulation during 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 interaction
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).!

METHODS

11 healthy males, 21-33 yr, were studied. The studies were
done with the subject 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
from receptors in the cardiopulmonary area without changing
arterial blood pressure and to result in a decrease in forearm
blood flow (5, 6). Blood flow to the right forearm was measured
with a Whitney mercury-in-silastic strain gauge plethysmo-
graph (18). The strain gauge was placed around the forearm,
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 second cuff applied to the wrist was inflated to supra-
systolic pressures during the measurements. Forearm blood
flow was calculated from the rate of increase of forearm
volume during venous occlusion and expressed as milliliters
per minute per 100 ml forearm volume. Arterial blood pressure
was determined by sphygmomanometry from 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 pressure in mil-
limeters of Hg by forearm blood flow.

Somatic receptors were stimulated by isometric handgrip.
Each subject squeezed a handgrip dynamometer (Weston
dynamometer; Weston Instruments, Inc., Newark, N. J.) to
the maximal force he could develop with the left hand. This
measurement was taken as the subject’s maximal voluntary
contraction (MVC). Subjects were then asked to maintain a
tension of 10 and 20% of their MVC for 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 mm i.d.) inserted
into an antecubital vein and advanced into an intrathoracic
vein. '

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

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

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

' Abbreviations used in this paper: LBNP, lower body
negative pressure; MCV, maximal voluntary contraction.
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Medicine, and informed written consent was obtained from
all subjects.

Recordings were made during the following interventions:
(a) LBNP at —5 mm Hg, (b) handgrip at 10% MVC, (c) hand-
grip at 20% MVC, (d) handgrip at 10% MVC plus LBNP at
—5 mm Hg, and (e) handgrip at 20% MVC plus LBNP at —5
mm Hg. The order of these five interventions was randomized.
Each study period lasted 6 min, including 2 min each of
control measurements, measurements during intervention,
and recovery measurements. There was a 5-min rest period
between each 6-min study period. Forearm blood flow and
heart rate determinations were made between 30-90s of
each 2-min interval; blood pressure was determined
between 60-90 s.

Data analysis. 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 mean=1 SE.

RESULTS

Effect of LBNP (-5 mm Hg). During LBNP at
—5 mm Hg, central venous pressure decreased by
1.5-2.5 mm Hg 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 MVC produced 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 LBNP on responses to handgrip. Table 1
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 LBNP reduced a tonic
inhibitory influence of cardiopulmonary receptors on
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TABLE I
Effects of LBNP and Isometric Handgrip with and without LBN Pressure

Mean Forearm
arterial Forearm vascular
Heart rate pressure blood flow resistance
beats/min mm Hg ml/min/100 ml mm Hg/ml/min/100 ml
Effect of LBNP
Control 63+4 88+2 5.0+£04 19+2
LBNP (-5 mm Hg) 60+3* 86=+2 4.5+0.5* 21+2%*
Recovery 62+4 87+2 4.9+0.5 20x2
Effect of handgrip
Control 60+3 862 4.8+0.6 21+2
10% MVC 62+3* 94+3* 4.9+0.6 22+2
Recovery 60=3 89+2 4.9+0.6 21+2
Control 62+3 88+2 4.8+0.6 21+2
20% MVC 69+4* 99+2* 5.4+0.8 22+2
Recovery 62+3 87+2 5.0+0.6 19+2
Effect of LBNP and handgrip
Control 59+3 90=+2 4.8+0.7 22+2
LBNP plus 10% MVC 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 plus 20% MVC 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+x1 SEM.

* Values that are significantly difterent from control (P < 0.05).

the vasomotor 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
response to handgrip at 10 and 20% MVC was not
only shifted up and to the left during LBNP but it
became steeper (Fig. 2). An interaction, mainly be-
tween an inhibitory cardiopulmonary reflex and
excitatory somatic reflex, must take place to produce
a steeper stimulus-response curve and a net response
greater than the sum of the two individual reflex
responses at two levels of handgrip (10 and 20% MVC).

This interpretation of the forearm vascular responses
is dependent on an understanding of the effect of
LBNP on the reflex influence from four groups of
receptors: somatic receptors, cardiopulmonary re-
ceptors with vagal afferents, cardiopulmonary recep-
tors with sympathetic afferents, and mesenteric
receptors with spinal afferents. Naturally, this under-
standing is based on evidence from studies in experi-
mental animals. The vagal afferents mediate inhibitory
influences on sympathetic outflow to peripheral beds
(13). These receptors are sensitive to changes in
volume and, thus, LBNP would reduce the inhibitory
input from these receptors and result in an increase
in sympathetic vasomotor activity. Cardiopulmonary
receptors with sympathetic atferents appear to mediate

Potentiation of Somatic Reflex Response in Humans

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 influences 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, LBNP could 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
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FIGURE 1 Plethysmographic tracings obtained in one subject before, during, and after three

interventions: (a) LBNP at =5 mm Hg, (b) handgrip at 20% of MVC, and (¢) LBNP and handgrip.
Calculated value of forearm blood flow in milliliters per minute per 100 ml of forearm volume are
shown beneath each tracing. Corresponding values of arterial pressure (B.P., millimeters of Hg)
and calculated forearm vascular resistance (Res.) are also shown. This figure shows responses
of a subject in whom the reflex effects were particularly striking.

baroreceptor denervation, expansion of the blood
volume reduces renal nerve activity. After section of
the vagal nerves, no change in renal nerve activity was
observed during volume expansion, even though the
discharge of mesenteric receptors would most likely
have been augmented during increases in venous
pressure that normally accompany volume expansion.
We have observed similar results in the dog (23). In
addition, 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 suction was sufficient
to cause reflex forearm vasoconstriction in the absence
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of tachycardia and significant decreases in arterial
pressure. Because this level of LBNP does not sig-
nificantly change arterial pressure (5, 6), it seems
reasonable to suggest that low level LBNP, like non-
hypotensive hemorrhage in animals, decreases the
tonic inhibitory influence of cardiopulmonary re-
ceptors on efferent sympathetic activity without
importantly altering the stimulus to the arterial
baroreceptors (24, 25).

The marked augmentation of the reflex response
to isometric exercise when the cardiopulmonary
receptors were inhibited by LBNP suggests an inter-
action between the two reflexes rather than a summa-
tion of the responses. Several studies have reaffirmed
the concept of interaction of reflexes in the control of
circulation. We have shown such interactions between
arterial baroreceptors and chemoreceptor reflexes
(26), between cardiopulmonary 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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FIGURE 2 Changes in mean arterial pressure, forearm blood flow, forearm vascular resistance,
and heart rate that resulted from LBNP at =5 mm Hg, from isometric handgrip (H.G.) at 10 and 20%
of MVC, and during concomitant LBNP and H.G. at 10 and 20% of MVC. The changes in each
subject were calculated by subtracting the value obtained during the intervention from the
control value. Asterisk (*) indicates that response to LBNP plus H.G. at 10% MVC is significantly
greater (P < 0.05) than the algebraic sum of LBNP alone plus H.G. at 10% MVC alone. Double
asterisk (**) indicates that response to LBNP plus H.G. at 20% MVC is significantly greater than
the algebraic sum of LBNP alone plus H.G. at 20% MVC alone. Changes that are not significantly
different are so indicated. Data presented as mean=SE.

The absence of a significant increase in calculated
forearm vascular resistance during handgrip alone does
not mean that there was no increase in vasomotor 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
maintained and for calculated resistance not to de-
crease passively. Thus, there was a vasoconstrictor
response that was not apparent from the calculated
resistance changes. The association of an increase
in resistance in the face of a significant augmentation
of the arterial pressure response, as was seen during
concomitant exercise and LBNP, indicates that a major
potentiation of this increase in vasomotor tone had
taken place.

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

Potentiation of Somatic Reflex Response in Humans

ing arterial baroreceptors, the activation of somatic
receptors by exercise causes reflex increases in heart
rate and in vasomotor tone. The most likely explanation
for the sustained excitatory response is the reported
inhibition of the arterial baroreceptor reflex during
exercise (11, 29). Although the arterial baroreflex is
suppressed during exercise, the input from the baro-
receptors can modulate the somatic reflex. Work by
Kumada et al. (15), as well as previous work from our
laboratory (16, 17), has shown that, in the dog, the
reflex vasoconstriction produced by electrical stimula-
tion of the central end of the cut sciatic nerve is aug-
mented by lowering carotid sinus pressure and reduced
when carotid sinus pressure is elevated. The increase
in arterial pressure during exercise could thus be
expected to buffer the excitatory somatic reflex but not
prevent it. The marked potentiation 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.

ACKNOWLEDGMENTS

The authors wish to thank Jinx Tracy for her expert technical
assistance and Nancy Stamp for typing the manuscript.

This research was supported by a Program Project Grant,
HL14338, and the Institutional Cardiovascular Training
Grant HLO7121 from the National Heart, Lung and Blood
Institute.

1496

REFERENCES

1. Jarisch, A., and Y. Zotterman. 1948. Depressor reflexes
from the heart. Acta Physiol. Scand. 16: 31-51.

2. Mark, A. L., F. M. Abboud, P. G. Schmid, and D. D.
Heistad. 1973. Reflex vascular responses to left ventricu-
lar outflow obstruction and activation of ventricular
baroreceptors in dogs. J. Clin. Invest. 52: 1147-1153.

3. Oberg, B., and P. Thorén. 1973. Circulatory responses
to stimulation of left ventricular receptors in the cat.
Acta Physiol. Scand. 88: 8-22.

4. Walker, J. L., M. D. Thames, F. M. Abboud, A. L. Mark,
and H. S. Klopfenstein. 1978. Preferential distribution
of inhibitory cardiac receptors in left ventricle of the dog.
Am. J. Physiol. 235(2): H188-H192.

5. Zoller, R. P., A. L. Mark, F. M. Abboud, P. G. Schmid, and
D. D. Heistad. 1972. The role of low pressure barorecep-
tors in reflex vasoconstrictor responses in man. J. Clin.
Incest. 51: 2967-2972.

6. Johnson, J. M., L. B. Rowell, M. Niederberger, and
M. M. Eisman. 1974. Human splanchnic and forearm
vasoconstrictor responses to reductions of right atrial
and aortic pressures. Circ. Res. 34: 515-524.

7. Lind, A. R., S. H. Taylor, P. W. Humphreys, B. M.
Kennelly, and K. W. Donald. 1964. The circulatory
effects of sustained voluntary muscle contraction. Clin.
Sci. Mol. Med. 27: 229-244.

8. Bevegard, B. S., and ]J. T. Shepherd. 1966. Reaction in
man of resistance and capacity vessels in forearm and
hand to leg exercise. J. Appl. Physiol. 21: 123-132.

9. McCloskey, D. I., and J. H. Mitchell. 1972. Reflex
cardiovascular and respiratory responses originating in
exercising muscle. J. Physiol. (Lond.). 224: 173-186.

10. Freyschuss, U. 1970. Cardiovascular effects of voluntary
isometric muscle contractions. Acta Physiol. Scand.
Suppl. 342: 12-19.

11. Bristow, J. D., E. B. Brown, D. J. C. Cunningham, M. G.
Hanson, E. S. Petersen, T. G. Pickering, and P. Sleight.
1971. Effect of bicycling on the baroreflex regulation
of pulse interval. Circ. Res. 28: 582-592.

12. Kivowitz, D., W. W. Parmley, R. Donoso, H. Marcus,
W. Ganz, and H. J. C. Swan. 1971. Effects of isometric
exercise on cardiac performance. The grip test. Circula-
tion. 44: 994-1002.

13. Thorén, P. N., D. E. Donald, and J. T. Shepherd. 1976.
Role of heart and lung receptors with nonmedullated
vagal afferents in circulatory control. Circ. Res. 28:
11-2-9.

14. Fox, I. J., D. A. Gerasch, and J. J. Leonard. 1977. Left
ventricular mechanoreceptors: a hemodynamic study.
J. Physiol. (Lond.). 273: 405-425.

15. Kumada, M., K. Nogami, and K. Sagawa. 1975. Modulation
of carotid sinus baroreceptor reflex by sciatic nerve
stimulation. Am. J. Physiol. 228: 1535-1541.

16. Mark, A. L., H. Koike, and F. M. Abboud, 1975. Inhibition
of the somatic pressor reflex by increases in carotid
baroreceptor activity. Clin. Res. 23: 473A.

17. Thames, M. D., and F. M. Abboud. 1979. Interaction of
somatic receptors with cardiopulmonary and carotid
baroreceptors in the control of the renal circulation in
dogs. Am. J. Physiol. 6: H560-HS565.

18. Whitney, R. J. 1953. The measurement of volume changes
in human limbs. J. Physiol. (Lond.). 121: 1-27.

19. Malliani, A. 1979. Afferent cardiovascular sympathetic
nerve fibers and their function in the neural regulation of
the circulation. In Cardiac Receptors. R. Hainsworth,
C. Kidd, and R. J. Linden, editors. Cambridge University
Press, Cambridge, England.

20. Tibes, U. 1977. Reflex inputs to the cardiovascular and

J. L. Walker, F. M. Abboud, A. L. Mark, and M. D. Thames



o
=1

respiratory centers from dynamically working canine
muscles. Some evidence for involvement of group 111 or
IV nerve fibers. Circ. Res. 41: 332-341.

. Andrews, C.J. H., W. H. H. Andrews, and J. Orbach. 1972.

A sympathetic reflex elicited by distension of the
mesenteric venous bed. J. Physiol. (Lond.). 226: 119-131.

. Clement, D. L., C. L. Pelletier, and J. T. Shepherd. 1972.

Role of vagal afterents in the control of renal sympathetic
nerve activity in the rabbit. Circ. Res. 31: 824-830.

. Thames, M. D., F. M. Abboud, L. A. Waickman, and

R. P. Richter. 1980. Reflex suppression of renal nerve ac-
tivity by cardiac receptors with vagal afferents: sensitiza-
tion by acetylstrophanthidin. Clin. Res. 28: 215A. (Abstr.)
Gupta, P. D., and M. Singh. 1977. Autonomic afferents
at T, in elicitation of volume-induced tachycardia in
the dog. Am. J. Physiol. 232: H464-469.

. Thames, M. D., M. Jarecki, and D. E. Donald. 1978.

Neural control of renin secretion in anesthetized dogs.
Interaction of cardiopulmonary and carotid baroreceptors.
Circ. Res. 42: 237-245.

Heistad, D. D., F. M. Abboud, A. L. Mark, and P. G.
Schmid. 1974. Interaction of baroreceptors and chemo-
receptor reflexes. J. Clin. Intest. 53: 1226-1236.

. Koike, H., A. L. Mark, D. D. Heistad, and P. G. Schmid.

1975. Influence of cardiopulmonary vagal afferent activity
on carotid chemoreceptor and baroreceptor reflexes in the
dog. Circ. Res. 37: 422-429,

Takeshita, A., A. L. Mark, D. L. Eckberg, and F. M.
Abboud. 1979. Effect of central venous pressure on
arterial baroreflex control of heart rate. Am. J. Physiol.
236(1): H42-H47.

Pickering, T. G., B. Gribbin, E. S. Petersen, D. J. C.

Potentiation of Somatic Reflex Response in Humans

30.

31

32.

33.

34.

35.

36.

37.

Cunningham, and P. Sleight. 1972. Effects of autonomic
blockade on the baroreflex in man at rest and during
exercise. Circ. Res. 30: 177-185.

Linden, R. J. 1975. Reflexes from the heart. Prog. Cardio-
vasc. Dis. 18: 201-221.

Higgins, C. B., S. F. Vatner, D. Franklin, and E. Braun-
wald. 1972. Effects of experimentally produced heart
failure on the peripheral vascular response to severe
exercise in conscious dogs. Circ. Res. 31: 186-194.
Wood, J. E., ]. Litter, and R. W. Wilkins. 1956. Peripheral
venoconstriction in human congestive heart failure.
Circulation. 13: 524-527.

Greenberg, T. T., W. H. Richmond, R. A. Stockling,
P. D. Gupta, J. P. Meehan, and J. P. Henry. 1973. Impaired
atrial receptor responses in dogs with heart failure due to
tricuspid insufficiency and pulmonary artery stenosis.
Circ. Res. 32: 424-433.

Zucker, I. H., A. M. Earle, and J. P. Gilmore. 1977. The
mechanisms of adaptation of left atrial stretch receptors
in dogs with chronic congestive heart failure. J. Clin.
Invest. 60: 323-331.

Wood, J. E. 1962. The mechanism of the increased venous
pressure with exercise in congestive heart failure. J.
Clin. Invest. 41: 2020-2024.

Chidsey, C. A., D. C. Harrison, and E. Braunwald. 1962.
Augmentation of the plasma norepinephrine response
to exercise in patients with congestive heart failure. N.
Engl. J. Med. 267: 650-654.

Millard, R. W., C. B. Higgins, D. Franklin, and S. Vatner.
1972. Regulation of the renal circulation during severe
exercise in normal dogs and dogs with experimental
heart failure. Circ. Res. 31: 881-888.

1497



