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A B S T R A C T The role of skin and muscle vascular
beds in baroreceptor-mediated alterations of peripheral
vascular resistance was evaluated in six normal s jects
in whom the skin circulation in one forearm was tem-
porarily suppressed by epinephrine iontophoris. Baro-
receptor activity was enhanced by application of nega-
tive pressure to the neck (neck suction) and inhibited by
application of lower body negative pressure. Forearm
blood flow was measured simultaneously in both arms
with strain gauge plethysmographs. Since blood flow in
the treated arm consisted entirely of muscle flow, skin
flow was calculated from the difference between total
forearm flow in the intact arm and muscle flow in the
treated arm. Vascular resistances were calculated as the
ratio of mean arterial pressure to the blood flow of
each vascular bed. During neck suction, mean arterial
pressure decreased from an average of 89 to 75 mmof
Hg (P < 0.005), heart rate decreased from an average
of 60 to 55 beats/min (P < 0.005), and total skin and
muscle flows remained essentially unchanged. Cutaneous
vascular resistance decreased from an average of 75 to
49 mmof Hg/ml per 100 g per min (P < 0.05), muscle
vascular resistance from 68 to 51 (P < 0.005), and
total forearm vascular resistance from 36 to 24 (P <
0.025). During lower body negative pressure,, heart rate
increased from an average of 59 to 69 beats/min (P <
0.005), mean arterial pressure did not change signifi-
cantly, and significant decreases occurred in forearm
blood flow from 5.4 to 2.7 ml/100 g per min, in skin
blood flow from 3.1 to 1.4, and in muscle blood flow
from 2.3 to 1.3. Cutaneous vascular resistance increased
from an average of 47 to 110 mmof Hg/ml per 100 g per
min (P < 0.05), muscle vascular resistance from 43 to
72 (P <0.005), and total forearm vascular resistance
from 20 to 38 (P <0.001). These results demonstrate
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that both the skin and muscle resistance vessels partici-
pate in reflex changes initiated by alterations in baro-
receptor activity.

INTRODUCTION
It is well known that changes in peripheral vascular re-
sistance occur as a result of reflexes mediated by the
baroreceptor system (1-9). Since a considerable pro-
portion of the total cardiac output is directed through
blood vessels supplying skeletal muscle and skin (10),
the resistance vessels in these tissues could play an im-
portant role in the regulation of arterial pressure. The
present investigation served two major purposes. The
first was to determine if the skin vessels, the muscle
vessels, or both participate in baroreceptor-mediated re-
flexes. This problem has never been adequately evalu-
ated for the reason that in all previous investigations
changes in vascular resistance were inferred from such
indirect evidence as changes in skin temperature, dif-
ferences in blood flow in the hand vs. that of the fore-
arm or calf, or alterations in the oxygen saturation of
blood from forearm veins (11-16). The lack of precision
in these studies is further suggested by the conflicting
results reported. The second major purpose was to deter-
mine the effects on skin and muscle blood vessels of
stimulating the arterial baroreceptors located in the
carotid sinus independently of any effects accruing from
stimulating the low pressure baroreceptors (located in
the great veins and atria). Previous investigations have
been performed using interventions such as the applica-
tion of subatmospheric pressure to the lower body, tilt,
or intrathoracic pressure changes, all of which prob-
ably influence the low as well as the high pressure
baroreceptors.

In the present study separation of limb blood flow into
its cutaneous and muscular components was obtained by
suppression of the cutaneous circulation of one forearm
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by epinephrine iontophoresis (17) and by comparing
its blood flow with that of the opposite intact forearm.

METHODS
Investigations were performed in six healthy male sub-
jects whose ages ranged from 19 to 23 yr. The subjects
were studied in a basal postabsorptive state at a room tem-
perature of 250C. All studies were performed with the
patients in the supine position. Intra-arterial pressure was
recorded through a short polyvinyl catheter introduced
percutaneously into the radial artery with zero pressure set
at the level of the midthorax. Forearm blood flow was
measured by the acute venous occlusion technique using a
single-strand mercury-in-rubber strain gauge plethysmo-
graph (18). 1 min after the hand was excluded from the
circulation by the inflation of a wrist cuff above systolic
blood pressure, a brachial cuff was rapidly inflated to 30 mm
of Hg and forearm blood flow, expressed in milliliters/100
grams per minute, was calculated from the rate of change of
forearm circumference during venous occlusion. With the
radial arterial catheter in position, several simultaneous
determinations of forearm blood flow in both arms were
made before the application of epinephrine iontophoresis in
order to insure that flows were equal bilaterally. This was
achieved in all subjects by placing both mercury-in-rubber
strain gauges at identical midforearm positions and by care-
fully adjusting the height and angle of each arm relative
to the trunk.

Epinephrine iontophoresis was then applied to one arm by
the technique of Cooper, Edholm, and Mottram (19), as
modified by Collins and Ludbrook (20). The procedure con-
sisted of wrapping the thoroughly cleansed arm in a gauze
bandage soaked with epinephrine hydrochloride 1: 2000 (pH
4.5). The gauze was covered with aluminum foil that served
as the positive electrode and was secured by an elastic
bandage. The leg served as the negative electrode and was
similarly wrapped except that saline replaced the epineph-
rine solution. Iontophoresis was performed with a current
of 20 ma applied for 20 min. This technique effectively
depresses cutaneous blood flow as demonstrated in a pre-
vious study in which this technique was employed. In the
previous study body heating caused forearm blood flow
in the control forearm to increase reflexly by 81%o in con-
trast to only an 8%o increase in the epinephrine-treated
arm (17).

Since iontophoresis suppressed cutaneous blood flow nearly
completely, forearm. blood flow in the treated arm was con-
sidered to consist of muscle blood flow only. Skin flow was
derived as the difference between total forearm blood flow
of the control arm and muscle blood flow of the opposite
treated arm. Forearm vascular resistance in millimeters of
Hg/milliliter per 100 grams per minute was calculated from
the ratio of mean arterial pressure to forearm blood flow.
The individual resistances of the cutaneous and muscular
vascular beds were calculated in a similar fashion.

Baroreceptor activity was modified by the following two
methods. (a) The carotid arterial baroreceptors were
stimulated by the application of negative pressure to the
neck (7, 21). This was accomplished by enclosing the neck
in a Plexiglas box from the upper thorax to the level of the
mandible and the base of the occipital bone and creating a
subatmospheric pressure of 50 mmof Hg within 10 sec.
This intervention increases transmural pressure across the
carotid arteries and thereby stimulates the baroreceptors
located in the carotid sinus. (b) The baroreceptors were

inhibited by the application of lower body negative pressure.
This was accomplished by placing the lower part of the
body from the level of the iliac crests into an airtight box
(5, 6, 22, 23) and decreasing pressure within it to 60 mm
of Hg below ambient atmospheric pressure. This level of
negative pressure was achieved within 30 sec.

After completion of epinephrine iontophoresis, each sub-
ject underwent four separate applications of neck suction
lasting 2 min each. Heart rate and mean arterial pressure
were recorded continuously, and five to seven determinations
of forearm blood flow were made simultaneously in both
arms before, during, and shortly after each intervention.
After return to the control state, the subjects were then
studied in an identical fashion during two periods of lower
body negative pressure lasting 3 min each. Epinephrine ionto-
phoresis has been shown to remain effective for at least
1 hr (24) and the entire study was completed within that
period of time.

All data obtained during the control and intervention
periods were averaged for each individual subj ect. These
values were then used to determine the means for the entire
group. A paired t test was employed for all statistical
calculations.

RESULTS

Effects of subatmospheric pressure applied to the
neck
Data calculated from one subject during two con-

secutive periods of negative pressure applied to the
neck are illustrated in Fig. 1 A. A summary of the ef-
fects of neck suction in all of the subjects is shown in
Fig. 2A, and the original recordings obtained in one

subject are reproduced in Fig. 3 A.
Heart rate and arterial pressure. The application of

50 mmof Hg subatmospheric pressure to the neck pro-
duced a rapid and sustained reduction in both heart rate

and blood pressure in all subjects. Heart rate decreased
an average of 5 ±0.8 beats/min (SEM difference) or 9%
of control values (P <0.005) and mean arterial pres-
sure fell an average of 13.7 ±2.3 mmof Hg or 15%
(P < 0.005).

Forearm blood flow. Total forearm blood flow in the
control arm, muscle blood flow in the arm with epi-
nephrine iontophoresis, and the derived value for skin
flow did not change significantly during neck suction.

Forearm vascular resistance. Neck suction caused
significant reductions in total forearm vascular resistance
(averaging 12 ±3.7 mmof Hg/ml per 100 g per min or

33% of control values, P < 0.025), in muscular re-

sistance (averaging 17 ±3.5 or 25%, P < 0.005), and
in cutaneous vascular resistance (averaging 26 ±9.9 or

35%, P < 0.05). Thus, an increase in the transmural
pressure of the carotid sinus resulted in reflex dilatation
of the resistance vessels in both skin and muscle.

Effects of lower body negative pressure
The circulatory effects in one subject of two con-

secutive episodes of lower body negative pressure are
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shown in Fig. 1 B. The results in all six subjects are
summarized in Fig. 2 B, and the original recordings ob-
tained in one subject are reproduced in Fig. 3 B.

Heart rate and arterial pressure. The application of
60 mmof Hg subatmospheric pressure to the lower body
resulted in an average increase in heart rate of 10 ±+1.5
beats/min or 16% of control (P < 0.005). No signifi-
cant change occurred in mean arterial pressure.

Forearm blood flow. During lower body negative
pressure total forearm blood flow decreased an average
of 2.72 +0.4 ml/100 g per min or 51% of control (P <
0.005), muscle flow decreased by 0.98±+0.2 or 43% (P <
0.01), and skin flow decreased by 1.70 +0.4 or 56% (P <
0.02).

Forearm vascular resistance. Lower body negative
pressure caused significant increases in total forearm
vascular resistance (averaging 18 +2.3 mmof Hg/mi
per 100 g per min or 86%, P < 0.001), in muscular
vascular resistance (averaging 29 +5.5 or 67%, P <
0.005), and in cutaneous vascular resistance (averaging
63 ±21 or 136%, P < 0.05). Thus, lower body negative

pressure produced significant reflex constriction in both
cutaneous and muscular resistance vessels.

DISCUSSION
Reflex regulation of the resistance vessels by the caro-
tid sinus baroreceptors was first demonstrated in the
dog by Heymans, Bouckaert, and Dautrebande (1) and
Rein (2) in 1931. Although initial studies in man sug-
gested that changes in peripheral vascular resistance
did not occur as a result of reflexes mediated by baro-
receptors located in the arterial system (14-16, 21),
recent investigations have shown that mechanical stimu-
lation of the carotid sinus stretch receptors by neck
suction (7) and electrical stimulation of the carotid
sinus nerves (4, 8, 9) produce significant decreases in
forearm and total peripheral vascular resistance.

In contrast, interventions that cause inhibition of
baroreceptor activity in man lead to reflex vasoconstric-
tion. Thus, constriction of the resistance vessels occurs
during both head-up tilt (3, 6) and the application of
negative pressure to the lower body (5, 6, 23). That the
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FIGURE 1 The effects in a single subject of two consecutive periods of neck suction (A) and
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mean arterial pressure usually decreases only minimally
during either of these interventions attests to the ef-
fectiveness of baroreceptor mediated reflexes in the
maintenance of arterial pressure.

While it is thus apparent that both head-up tilt and
lower body negative pressure cause circulatory changes
that lead to compensatory reflexes mediated by the baro-
receptors, it is not clear whether these reflexes origi-
nate from baroreceptors located in the low pressure sys-
tem (great veins or atria), in the high pressure system
(carotid sinus and aortic arch), or both. The relative
roles of each of these systems in producing the reflex
changes observed during head-up tilt or lower body
negative pressure would be difficult to assess since both
of these interventions cause peripheral pooling of blood;
this reduces atrial pressure and volume, a change that
could affect low pressure receptors. However, the con-

sequent decrease in ventricular filling also lowers cardiac

output and thereby lowers pulse pressure, a change that
has been shown to have a considerable effect on the ac-

tivity of the high pressure receptors even in the ab-
sence of any change in the mean arterial pressure (25).
Indeed as exemplified by the recordings shown in Fig.
3 B, a decrease in pulse pressure occurred in all of the
subjects during the application of subatmospheric pres-

sure to the lower body. Moreover, the substantial in-
crease in heart rate after lower body negative pressure

strongly suggests that the reflex originated from the ar-

terial baroreceptors since cardiac slowing would be ex-

pected if the reflex originated from the low pressure re-

ceptors (26). The fact that vasodilatation occurs when
the high pressure baroreceptors are stimulated prefer-
entially by the application of subatmospheric pressure

to the neck (7) or by electrical stimulation of the caro-

tid sinus nerves .(4, 8, 9) indicates that these receptors
certainly play an important role in the alterations of
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vascular resistance induced by baroreceptor-mediated
reflexes.

Although changes in peripheral vascular resistance are
clearly an important part of the efferent arm of re-
flexes mediated by the baroreceptor system, the major
findings of the present investigation relate to the rela-
tive roles of the vessels of the skin and muscle in these
reflexes. The results of previous studies assessing the

degree of participation of the cutaneous and muscular
resistance vessels in baroreceptor-mediated reflexes have
been conflicting. For example, a decrease in skin tem-
perature after the assumption of the erect position was
interpreted by several investigators as indirect evidence
of reflex cutaneous vasoconstriction (11-13). However,
it could be argued that a decrease in cutaneous blood flow
and hence temperature could have resulted solely from
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FIGuRE 3 Recordings obtained in two different subjects (A and B) of mean arterial pressure
(MAP) and plethysmographic tracings of forearm blood flow (FBF) immediately before and
after the onset of neck suction in A and lower body negative pressure (LBNP) in B. Shown
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an associated decrease in cardiac output in the absence
of any cutaneous vasoconstriction. On the other hand
when changes in skin circulation were inferred from
changes in the oxygen saturation of superficial forearm
veins or from changes in blood flow in the hand com-
pared to the more muscular forearm or calf, no apparent
alteration occurred in the cutaneous vessels in response
to leg raising (14) or changes in intrathoracic pressure
(16). It should also be noted that in all of these in-
vestigations only interventions affecting both the high
and low pressure baroreceptors were employed and the
effects of changes in arterial baroreceptor activity alone
were not evaluated.

In contrast, the results of the present investigation
clearly demonstrate that in the human forearm the re-
sistance vessels of both skin and muscle respond to
reflexes occurring when the stimulus input to the ar-
terial baroreceptors is altered alone or in combination
with that to the low pressure baroreceptors. Thus, stimu-
lation of arterial baroreceptors in the carotid sinus by
negative pressure applied to the neck produces reflex
dilatation of both cutaneous and muscular resistance
vessels; and conversely, inhibition of activity in both
the high and low pressure baroreceptors by lower body
negative pressure results in reflex constriction of these
same vessels.

The reasons for the discrepancy between the findings of
the present investigation and the previously cited stud-
ies deserve consideration. It is possible that the method
for estimating directional changes in skin blood flow
from alterations of oxygen saturation of blood obtained
from veins believed to drain the skin may not be valid
under all circumstances. For example if reflex vasodilata-
tion is accompanied by the opening of arteriovenous
shunts between muscle and skin vessels, contamination
of cutaneous venous blood by blood-draining muscle
beds may mask the reflex vasodilatation that may have
occurred in the cutaneous vessels. Lack of participation
of skin vessels in baroreceptor-mediated reflexes also
has been inferred from the lack of consistent changes in
hand blood flow observed in response to various inter-
ventions affecting baroreceptor activity. However, it is
possible that the inability to demonstrate consistent re-
flex changes in hand flow may have been due to the
marked spontaneous fluctuation in flow often seen in the
hand (16). More importantly, it is not at all clear if the
hand is truly representative of the cutaneous circulation.
In addition when interventions such as the Valsalva
maneuver (16) are employed that produce large and
rapidly changing levels of -arterial pressure, measure-
ment of forearm or hand flow alone, without measure-
ment of arterial pressure, may lead to erroneous con-
clusions about alterations in vascular resistance.

The validity of the findings in the present investiga-
tion depends upon the effectiveness of epinephrine ion-
tophoresis to suppress the skin circulation without af-
fecting the underlying muscle circulation. Evidence that
iontophoresis produces nearly complete suppression of
skin blood flow has been demonstrated by both Edholm,
Fox, and Macpherson (24) and Zelis and Mason (17).
Both of these groups observed that when large reflex
increases in blood flow occur in the untreated forearm
during body warming, very little or no increase occurs
in the treated forearm. Moreover, the finding (24) that
forearm blood flow increases to the same extent in the
control and treated forearms after standard hand-grip-
ping exercises suggests that epinephrine iontophoresis
does not appreciably affect the muscular resistance ves-
sels. Thus on the basis of the findings of this investiga-
tion, we conclude that the resistance vessels of both
the skin and muscle participate in the homeostatic re-
flexes mediated by the baroreceptor system.
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