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LOCAL RESPONSES OF SKELETAL MUSCLE AND SKIN VASCULAR BEDS

IN EXERCISE IN THE DOG HINDLIMB
CHAPTER 1
INTRODUCTION

Venous Responses in Skeletal Muscle in Exercise

There is consideraBle data in the literature to show that the
onset of exercise is followed by increased arterial pressure and cardiac
eutput (4), (9), (14), (15), (22), (34), (38), a minimal elevation, if
any, in central venous pressure (15), (38), (55), and a decrease in
total peripheral resistance (38), (53).

Despite negligible changes in central venous pressure, plasma
volume has been found to decrease in exercise. Holmgren (38), demonstrat-
ed that the fluid shift from the vascular compartment amounted to 7 to 9%
of the total blood volume in a man doing fifteen minutes of heavy exercise.
Earlier, Gregersen (29), showed a loss of 470 milliliters of fluid in a
ninety second beriod, in an athlete running at top speed on a treadmill.
Similar results have been published by Ebert and Stead (18), who studied
human subjects doing strenuous bicytle work. Such data raise the
"question as to the mechanism of this fluid loss in the capiilaries.. While
- the fluid loss may be explained solely by the increased blood flow and
precapillary dilitation of exercise, a possible role for the venous vas-
culature in this mechanism cannot be discounted. .

1
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. Capillary hydrostatic pressure is a function of the compliance
of the capillary wall and volume of blood in the capillary. Volume is
regulated, in turn, by the central arterial and venous pressures and
‘the pre- and postcapillary resistances. While the direction and magni-
tude of the changes in arterial and venous pressures in éxercise are
known, the direction and magnitude of the change in the pre- to post-
capillary resistance ratio is still a matter of considerable sr~cu-
lation.

It is well known that exercise causes an increase in biood flow
through active muscles. -Grant (25), has demonstrated in humans that
this hyperemia is proportional to the intensity of the work. Wood and
Bass (57), with a forearm plethysmograph showed 1;¥ge increases in
blood flow in the forearms of individuals doing treadmill work. With
a similar technique Corcondilas et al. (13), showed that an increase in
fle can be detected within a second of sipgle contraction of forearm
muscles., This apparent decrease in pre-cggillary resistance has been
demonstrated also in animals. Gollwitzer-Meier (24), studied the iso-
lated gastronemius muscle of the dog during stimulation and found a
gradual reduction in arterial pressure; Hilton (36), showed that a
dilitation of the femoral artery occurred following contractions of hind-
limb muscles in the cat. This response was confirmed in cats by D'Silva
and Fouche (16).

The combined éffgct of an increase in arterial pressure with
the apparent decrease in precapillary resistance in the intact organ-
ism, could increase capillary pressure and, as a result, the filtration

rate. However, a commensurate decrease in venous resistance could offset
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this increase in capillary pressure, since capillary volume, a deter-
minant of pressure, is a function of the ratio of pre- to postcapillary
resistance. Furthermore, Pappenheimer and Soto-Rivera (46), have indi-
cated that the filtration - absorption mechanism in the capillary is
five to ten times more sensitive to cﬁanges in venous resistance than
to arterial resistance.

Landis and Hortenstine (42), commented that studies of vaso-
motor tone indicate that arterioles and venules tend to dilate or
constrict together, thereby not changing capillary pressure. While
this statement may be an acceptable generalization, there are exceﬁtions
to it. There is increasing experimental evidence to indicate that pre-
and postcapillary vessels may respond quite differently to original
stimuli. 1Inchley (39), and Haddy (30), showed such an effect in the
dog in response to histamine. The latter investigator demonstrated
_that under special conditions this agent may cause vasodilitation of
precapillary, and vasoconstriction of postcapillary vessels. Mellander
(44), showed a differential effect over time in the resistance of pre-
and postcapillary vessels in the cat. As a reéult of sympathetic
stimulation, the constriction effect, evident in both beds, persisted
longer in the postcapillary vessels. The capacitance vessels were also
found to be more sensitive to low frequencies of sympathetic stimulation.

There has been some tendency to interpret the dynamics of the
peripheral circulation from central venous pressure determinations.
Haddy, et al. (31), used a small vein (0.5 mm diam) datheterization

technique in the unanesthetized dog to show that small vein pressures
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are spontaneously variable over time. Simultaneous determinations of
large vein pressures showed negligible changes. They concluded that o
central venous pressures may indicate little about the status of the
peripheral circulation. Holmgren (38), studied the relationship of
central venous pressure and peripheralﬁvenous preésure in humans doing
bicycle work. .The central venous pressure was measured in thé>right
atrium and the peripheral venous pressure was measured simultaneously
in an arm vein. During prolonged exercise the pressures varied inde-
pendently of each other. The author points out that only in one of
five experiments was the central venous pressure an accurate indicator
bf the pressure variations in the peripheral veins.

It is apparent from the previous discussion that the post-
capillary vessels are capable of playing a vigal and independent role
in regulating capillary hydrostatic pressure. It is also evidently
true, that the.rgle cannot be identified by the dynamic changes in
large veins draining the various parallel, vascular beds. Only recently
have attempts been made to elucidate the reaction patterns in 1oca1
postcapillary venous segments of muscle in exercise.

Kjellmer (40), investigated local pressure-flow dynamics in
exercise in the calf muscles of the cat, He utilized the plethysmo-
graphic technique, described originally by Mellander (44), for measur-
ing changes in volume of the muscle groups. The skin flow through the
experimental system was arrested by ligating the saphenous arteries and
veins. The popliteal artery and vein were the only vessels running to
and from the calf muscles. When the system was isovolumetric (filtra-

tion = absorption), as judged by minimal volume changes, the venous

pressure was raised abruptly by a known amount and the ensuing rate of
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net outward filtration was measured by the volume change in the plethys-
mograph. The filtration per unit time, per unit change in pressure
(capillary filtrétion coeffiéient or CFC), was then used to calculate
the mean capillary filtration pressure on the assumption that 807 of
the change in vein pressure was transmitted to the capillaries. With
the arterial, venous ané.capillary pressures, the precapillary resist-

ance (Pp - Pc)’ and the postcapillary resistance (Pc - Pv), were cal-

F F
culated.

Exercise induced by faradic'stimulation of the sciatic nerve
increased capillary hydrostatic pressure by 17 mmHg in the most intense-
ly stimulated animals. This pressure increased in proportion to the
stimulation rate. In these experiments exercise was accompanied by a
dilitation of the resistance vessels and of the capacitance vessels.
Kjellmer attributes the rise in capillary pressure to a proportionately
greater drop in érecapillary resistance than in postcapillary resistance.
He concluded that precapillary resistance vessels are more markedly
affected by the exercise metabolites than are the postcapillary
vessels,

Using the dog as the experimental model, Thulesius and Johnson
- (54), determined capililary hydrostatic pressure in the isolated calf
muscle. A variation of the isogravimetric technique of Pappenheimer and
Soto-Rivera (46), was used for this purpose. During exercise, elicited
by stimulation of the crural nerve at 1-2 impulses per second, blood
flow increased from 8 to 24 ml/min/100g and this was paraileled by an
increase in the capillary filtration coefficient (rate of filtration per
mmHg). However, calculated cabillary pressure did not increase signifi-

cantly and pre- and postcapillary resistance declined equally. These



6

observations led the investigators to attribute the increase in the
capillary filtration coefficient to a filtration over a greater surface
area in the capillaries. They believed this was due to the opening of
more precapillary sphincters with the increased blood flow of the exer-
cise.

Sharpey-Schafer (50), used a plethysmographic technique to
study what he termed ''vasomotor tone" in the exercising forearms of
humans. In all of some 200 experiments on éixty subjects the tone oﬁ_
the veins of the forearm was conspicuously increased immediately after:
exercise. The exercise routine used was not specified. The investi-
gator states that the results were the same in normal and sympathecto-
mized patients, as well as those with severe anemié, absent circulatory
reflexes, and those in heart failure. Similar exercise of the opposite’
arm had no effect on the experimental forearm. The author concluded that
the-éonstrictof effect was not nerve mediated and represented a local
effect. He further stated that the duration of the increased tone was
related to the length of exercise and that the veins remained less
compliant a shorter time than the arteries remain dilated.

Sharpey-Schafer's experimental technique involved the measure-
ment-of the change in pressure in a large anticubital véin, ana the
measuremenﬁ of the volume change in the forearm at a cuff pressure
which occluded venous outflow from the forearm. The venous tone was
defined as the ratio of the pressure change over time (AP) to the volume
change over time (%y). A rise in the ratio indicated iﬁifeased tone and
a .fall indicated dezreased tone of the capacitance vessels.

Kjellmer (40), criticized the results of Sharpey-Schafer with

the argument that comparison of control and exercise vasomotor tone could
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not be made with this system, since the starting blood voiume in the
forearm is different from the rest to the exercise states. According

to Kjellmer, it is possible that the resting, initial volume lies on

the linear portion of the characteristic pressure-volume curve for veins,
whereas an initial volume in exercise may 1ié on the upper flat portion
of the curve. In such an event, identical changes in volume would

cause a greater pressure change in exercise than in the control state.
This would iead to the erroneous conclusion that venoconstriction
occurred in exercise. Kjellmer, on the basis of venous distensibility
calculations with his own data suggested that this was the course of
events in Sharpey-Schafer's work. More recently Bevegard and Shepherd
(6), have criticized Sharpey-Schafer's results on similar grounds. How-
_ever, the likelihood of a systematic error in his work is questionable.
In reactive hyperemia experiments in which blood flows were comparable
to those observed in exercise, Sharpey-Schafer (50), saw no change in
vénous tone, between control and post-occlusion measurements., This
would indicate that it is possible for all blood volumes measured to

lie on a linear portion of the pressure-volume curve, despite the
differences in magnitude.

Whether_the data derived from fofearm plethysmographic studies
truly reflects venous activity of the muscle bed may be questioned on
the basis that su;h measurements of vascular dynamics include changes
in the skin as well as the muscle bed. However, Grant and Pearson (26),
have shown that the proportions of skin and bone in the muscular fore- -
arm are small (muscle forming 857% ;f its volume), and that a cutaneous

hyperemia as active as the flare causes an increase in'forearmAblood
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£low of 1.0 to 2.2 cc per 100 cc of forearm volume. They state that
this is a small change, yet greater than that occurring in the skin as
a result of exercise. Shepherd (51), has also presentéd data, based on
the oxygen saturation of blood in deep and superficial veins that indi-

oY - .
cate very small changes in skin flow with exercise.

While Sharpey-Schafer (50), holds to the view that a local
constrictor response of the venous vasculature occurs in exercise,

Kjellmer (40), and Thulesius and Johnson (54), have suggested a local

dilatof response., Blair et gl.‘(S), observed venoconstriction of fore-
arm veins in supine leg exercise, with the nerve supply intact. When
the sympathetic nerve fibers to the forearm were blocked with bretylium
tosylate the constrictor response was no longer ob;erved. Bevegard énd
Shepherd (5), studied_blood volume changes in the human forearm at
constant venous pressures with the nerve supply also intact., They
observed a venoconstriction in the forearm with leg exercise, that
persisted when arm exercise was added to the routine. However, unlike
Sharpey-Schafer (50), the venoconstriction could not be demonstrated in
the sympathectomized limb, Recently, the same investigators (6), report-
. ed they observed no vasomotor activity in forearm veins with exercise
of forearm muscles having intact nerve supplies. It should be noted
that the critical "exercise" measurements in this work were completed
two to three minutes after exercise. .
Experimental evidence for a centrally mediated control mechanism
for the venous vasculature is supporfed by anatomical and teleological
evidence cited by Alexander (1),.and Folkow and Mellander (21), respect-

ively. The former author makes note of the fact that veins are copious~-

ly supplied with nerves. as compared with precapillary vessels. Folkow
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and Mellander make a case for central control of veins based on their
capacitance function, in subserving as a unit, the whole cardiovascular
system, rather than the local needs of particular tissues. In fulfil-
ling this function, they state that the venous system will demand a
centrally integrated control for satisfactory performance and will only
minimally tolerate interference by local regulatory mechanism. They
view the precapillary resistance vessels as primarily controlled by a
local myogenic mechanism and the postcapillary vessels by a central

nervous mechanism.

Circulation in the Skin in Exercise

The skin circulation serves two purposes, nutrition and heat
regulation. Hertzman (35), states that the circulation is primaril&
adjusted as part of the regulation of body temperature because the
amount of blocd flow to satisfy cutaneous respiratory rieeds is small.

Christensen’ et al. (1l1), used a plethysmographic technique on
humans to study the arterial inflow to the finger while the venous
return was cut off for a few seconds. Greenfield (27), has pointed out
that digital flow is frequently equated with skin flow since the fingers
and toes are composed latrgely of skin. At the same time digital flow
was measured, Christensen et al. employed.skin thermocouples to measure
changes in skin circulation while work was carried out on a bicycle
ergometer. At the start of work an instantaneous reduction in the
finger blood flow occurred. This was transient but persisted for a
longer time as the intensity of the exercise increased, delaying the
dilitation that occurs due to an increase in body heat. Thermocouple
determinations indicated similar though less pronounced responses in the

hands, feet and the skin of the trunk. From these results the invest-



10

igators concluded that the skin vasoconstriction was of regulatory
significance in the adjustment of circulation from rest to work. Since
the response is instantaneous it was thought to be nerve mediated;

Barger et gl,l(3), investigated the response of the skin vas-
culature of the human forearm to treadmill exercise. The criterion of
vascular activity was the time for inducing reactive hyperemia on a skin
surface. A weighted plastic ring, described by Greenwood (28), was used
to occlude vessels, The subjects walked on the treadmill for ten
minutes with the exercise graded by a change in the incline of the walk-
ing surface. This group found that the time for inducing reactive hyper-
emia increased with the intensity of the work, suggesting greater vas-
cular constriction with greater intensity of work. As in the previous
study cited, the role of the venous vasculature in this response is not
identified. |

The work of Wallace (56), represents yet another approach to
the study of the venous vasculature in exercise. He used catheters to
measure pressures in small skin veins of the hand, large forezarm veins
and the radial artery in humans. Local éxercise of the hand markedly
drdpped arterial pressure, caused little change in small veins and
elevated large vein pressure. This suggests that flow did not increase
through the skin. |

Segmenfs of superficial veins in humans have been temporarily
isolated and studied under various stress conditioﬁs (17), (45). The
blood is stationary in these veins and the only connection with the
rest of the body is through the sympathetic nervous system. In such a.

preparation pressure increases are interpreted as venoconstriction and
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pressure drops as dilitation. Exercise, deep inspiration, positive
pressure breathing and the Val Salva maneuvers have been found to
produce a constriction in the segments of superficial veins (45).
Evidence previously cited (51), (25), suggests that this truly
indicates cutaneous vascular %ctivity.

Haddy, et al. (31), used small vein catheters (0.2 - 0.5 mm
diam.) to study the responses of these vessels in §ogs during exercise.
Cétheters were located in a small subcutaneous vein in the dorsum of the
paw and in a large vein, the cephalic or sapﬁenous. In exercise, small
and large vein pressures increased but to a greater degree in the small
veins. The nerve supply wé; intact in these experiments. Apparently,
no data are available in which only local venous responses of the
cutaneous bed were studied in exercise.

The purpose of the present wofk was to reinvestigate the.local
muscle venous responses to exercise in the hindlimb of the dog and to

gain some insight into local skin vein activity during thisumusculai-

exercise.



CHAPTER II1
METHODS

In this study the local effects of ex;rcise and for compara-
five purposes, reactive and mechanical hyperemia were investigated in
forty dogs, ranging in weight from fifteen to twenty kilograms. The
animals were anesthetized with sodium pentobarbital, 30/mg/kg, and
ventilated with a ?echanical respirator (Harvard Apparatus Co., Model
607) via an intratracheal tube.

Lying in a supine position on a table, the skin of the right
hindlimb was sectioned along a line from the anterior iliac spine to
the pubis, then dorsally to the ischial tubercle to the posterior spine
of the ilium, then back to the anterior spine. The femoral artery and
vein, with small side branches, were dissected free and exposed for a
distance of three to four centimeters on the ventral surface of the
thigh. - All skeletal muscle, with accompanying vessels, originating on
the pelvic girdlg or lower spine, and inserting on the hindlimb, were
then ligated and sectioned as close to their origins on the trunk as
possible, Care was taken in this process to isolate the femoral and
sciatic nerves which were subsequently sectioned close to.the trunk,
Only the femoral artery, femoral vein and the attachment of the femor
on the pelvis remained intact.

Following an intravenous injection of 4 mg/kg of sodium heparin,

12
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an extracorporeal venous circuit, filled with low molecular weight
Dextran, was inserted between thé right femoral, and the medial and
dorsal saphenous veins of the experimental limb and the left femoral
vein (Figure 1). The circuit included two T-tubes, one between the
right femoral and the left femoral vein, and another between the medial-
dorsal saphenous veins and the left femoral vein, This system allowed
independent flow measurements and samplings of muscle venous blood
(right femoral vein to left femoral vein) and skin venous blood
(saphenous veins to left femoral vein). Blood flows were measured in
graduated cylinders by releasing the clamps on the T-tubes and simul-
taneously occluding the rubber distal to the T-tubes. Venous outflow,
collected in graduated cylinders was returned to the animal by means of
a catheter placed in the jugular vein.

Polyethylene catheters were inserted into isolated side branches
of the femoral artery and femoral vein for measurements of systemic
arterial pressure (Pp) and large muscle vein pressure (Pypyy) respective-
ly. A small vein (0.2 to 0.5 mm diameter), which appeared to originate
in the quadriceps group of muscles was isolated and catheterized in a
retrograde direction for measurement of small muscle vein pressure -
(PsMy) . Extreme care was taken to ascertain that this vessel was patent
and that adequate collaterals existed to insure measurement of a true
lateral pressure., A glass tipped catheter was inkerted into a small
vein (0.2 to 0.5 mm diameter) in the subcutaneous tissue of the dorsum
of the paw for small skin vein pressure (Pggy) determinations. Another
catheter was threaded into a branch of the medial saphenous vein up~

stream to the large catheter shunting skin flow from the medial
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.

Fig. 1 =-Schematic drawing of the extracorporeal circuit.
F.N, femoral nerve, S.N. = sciatic nerve, F.A. = femoral artery,
F.V. femoral vein, M.F. = muscle flow, S.F. = skin flow, V.S. =
ventral (medial) saphenous vein, D.S. = dorsal saphenous vein, Py =
femoral artery pressure, Py = large muscle vein pressure, Pyy = small

muscle vein pressure, Ppgy = large skin vein pressure, Pggy = small
skin vein pressure.

[}
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saphenous vein to the femoral vein of the opposite limb. Large skin
vein pressure (PLSV) was measured at this site. The locations of the
catheters used for pressure determinations are indicated in Figure 1.

The arterial, small muscle vein and large muscle vein pressures
were monitored continuously on a direct writing oscillograph (Sanborp
Co., Waltham, Mass.) by attachment of the catheters to 0 to 75 cm Hg
resistance wire pressure transducers. The two skin vein pressures
were recorded alternately on one recording channel by means of a
multiple stopcock arrangement. A mercury manometer was used to cali-
brate the recording system before each experiment, and frequent cali-
bration checks were made as the experiments progressed.

The five blood pressure measurements and muscle and skin blood
flow determinations were made in control, exercise, immediately post-
exercise and post-control states. The blood flows through muscle and
skin were measured separately in graduated cylinders for a period of ten
seconds and extrapolated to minute volumes. Exercise was simulated by
stimulation of the femoral and sciatic nerves with a Grass S-5 square
wave stimulaﬁor (Grass Instruments, Quincy, Mass.). The attachments to
the nerves were made with standard laboratofy electrode probes (Harvard
Apparatus Co., Dover, Mass.). Exercise measurements were completed
when the limb appeared to be in a "steady state" condition, as indicated
by minimal variations in the pressures being monitored. During the
stimulation of one to two minutes duratio#, the limb was allowed to
move freely in response to musclar activity. Postexercise measurements
were taken within three to five seconds after cessation of stimulation

and again two to three minutes later (post-control).
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Muscle and skin venous resistancesgg%ﬁg calculated for each
period in which pressure and blood flow measurements were made. This
was accomplished for the muscle venous bed by subtracting the large
muscle vein pressure (PLMV), from the small.muscle vein pressure
(PgMy) to determine the pressure gradient (APyy), over this segment of
the vasculature. Dividing the pressure gradient by the measured muscle
blood flow gave the muscle vein resistance (Ryy). The skin vein press-
ure gradient (5Pgy), was calculated by subtracting the.large skin -vein
pressure (PLSV)’ from the small skin vein pressure.(Pssv). The gradient
was then divided by skin flow to give the venous resistance (Rgy)
through the skin vascular bed. Since the arterial pressure was measured
continuously, additional vascular resistance measurements were_calculat-

ed. These included:

1. Total muscle resistance------ Rrm = PA - Ppwy

2. Artery to small muscle vein segment---RagmMy = Pp - Pgmy

3. Total skin resistance-~--=--- Rpg = Py = Prgy

4. Artery to small skin vein segment---- Raggy = Pao - Pggy
o S.F.

At the completion of each experiment the skin of the hindlimb
was removed and weighed. The remaining limb tissue, muscle and bone,
was weighed together., In this study all.muscle blood flow determina-
tions are -expressed in milliliters per minute, per 100 grams of skin-
'less tissue, and resistance measurements in mm Hg per milliliter per’
minute per 100 grams of skinless tissue. The skin blood flows afe

expressed in milliliters per minute, per 100 grams of skin tissue, and
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resistance measurements in mm Hg per milliliter per minute per 100 grams
of skin tissue. The total blood flow values are expressed in milliliters
per minute per 100 grams of limb tissue. |

Ten animals were used in fhe first series of eiperiments.. Mean
stimulation parameters for this group were 7.5 volts, 0.5 milliseconds
duration and a frequency of 6 per second. The voltage and the frequency
of stimulation varied from experiment to experiment, the duration of the
stimulus remaining constant. The voltage and frequency, more often the
voltage only, were adjusted from 6 volts and 4 per second until adequate
contractions of the limb muscles were observed.

Seventeen animals were used in‘the second exercise series. 1In
this group the mean stimulation parameters were 3.1 volts. 0.2 milli-
seconds duration and a frequency of 4 pef second. The duration of the
stimulus and the frequency were held constant in this series as the volt-
age was increased from one volt to the voltage necessary for the con-
tractions of the 1limb musculature. Greater care was taken in this series
to keep the stimulation parameters at loﬁ levels in the hope of eliminat-
ing any possibility of stimulating the sympathetic fibers coursing the
sciatic and femoral nerve trunks.

In seven exercise experiments blood samples were drawn anaero-
bically from femoral artery and muscle and skin veins (medial and dorsal
saphenous) during control exercise and postexercise states at the time
pressures and blood flows were measured. Determinations of oxygen
content”of the blood were made in duplicate samples with the VanSlyke-
Neil blood gas apparatus..

In eleven animals, reactive hyperemia in the hindlimb was studied.

Following control determinations of pressures and blood flows, a ligature

('/
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was placed around the femoral artery proximal to the site of the catheter
for measuring arterial pressure. The constriction of the artery was
increased until the pressure was observed to.fall to approximately one-
half of normal. This state was maintained for two to three minutes dur-
ing which the pressure and blood flow determinations were made, Within
three to five seconds of the release of constriction, pressure and flow
measurements were made again. Foiloﬁing a two to three minute period
the post-control measurements were made. With these data'venous resist-
ance measurements were calculated for the muscle and skin beds as
previously described.

In eight animals the venous hematocrits were measured in exercise
and reactive hyperemia. Two to three milliliters of the effluent blood
of the muscle of the experimental limb were drawn for this purpose. This
was done in the time interval in which measurements of pressures and
blood flows were made. The blood samples were drawn for hematocrit deter-
minations in control and post-control staéés, during exercise, immediate- 
ly postéxercise, during partial constriction of the femoral artery and
immediately on the release of constriction,

In an attempt to ascertain the presence or absence of increased
sympathetic activity during stimulation, a neuromuscular blocking agent,
Succinylcholine Chloride (Anectine), was administered. Experiments were
carried out on seven dogs using this agent. Following control and exer-
cise méasurements of pressures and blood flows, Succinylcholine Chloride
was rapidly injected in a concentration of 0.1 mg/cc. The injection was
continued until skeletal muscle contractions were abolished. In no case

did the quantity of injected Succinylcholine Chloride exceed 1.0 mg.
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Within one and one-half to two minutes of the cessation of contractions,
while the femoral and sciatic nerves were still being stimulated; measure-
‘ments of pressures and blood flows were completed. Subéequently, post~
exercise measurements were made,

A controlled blood flow maneuver was employed in nine experiments.
Venous reactivity to mechanically induced hyperemia, and the responses
to exercise with constant blood flow were studied with the preparation.

To control the blood-flow rate a finger-type pump (Sigmamotor,
Model T6SH, Sigmamotor Inc., Middleport, N.Y.) was used. The blood flow
was shunted from the femoral artery of the non-experimental limb, through
the pump, and then to the femoral artery of the experimental limb., The
systemic arterial pressure was measured with a catheter in the right
carotid artery. The perfusion pressure (Pp) was measured at a site
proximal to the femoral artery of the experimenfél limb, This was done
by needle puncture of the tubing of the extracorporeal circuit shunting
arterial blood from the left to the right femoral artery, the needle, in
turn, being attached to a strain gauge. No attempt was made to measure
small and large skin vein pressures in these expe;imenté. However, the
skin as well as muscle blood flows were measured by means of the venous
extracorporeal circuit previously described.

To study the venous responses to mechanical hyperemia the muscle
blood flow through the system was increased progressively from a mean
flow of 3.6 to 5.9, 8.4, 11.2 and 13.9 ml/min/100 grams skinless tissue.
At each flow level the systemic artery pressure (Py) the perfusion
pressure (Pp), and the small and large muscle vein pressure (PgMy) and

(PLMV) respectively, were measured, as well as muscle and skin blood
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flows. Care was taken to make the measurements when the system had
attained a "steady state", as indicated by blood pressure recordings.
With these data venous resistance measurements were calculated for the
various vascular segments of muscle.

When this maneuver was .complected, the muscle blood flow was re-
established at an intermediate level, the mean for nine animals being
8.2 ml/min/100 grams skinless tissue. After control measurements of
pressures and blood flows were made the femoral and sciatic nerves
were stimulated. The mean stimulation parameters were 2.6 volts, a
frequency of 4 per second and a duration of 0.2 milliseconds. 1In this
series only the voltage was increased in establishing thé level of
muscular activity in thé limb, the frequencyﬂand duration of tﬁe stimulus
remained constant, During stimulation the measurements of pressures and
blood flows were completed and repeated immediately on the cessation of
exercise., The experiments were terminated at this point.

The appropriate data in the study were treated with a paired
comparison of the observations. The test criterion was '"t", and the
hypothesis tested was that the mean of the population of differences fromﬁ}

the control values, did not differ from zero (52).



CHAPTER III
RESULTS

Local Effects of Exercise on the Vascular Bed of Skeletal Muscle

A typical response of the muscle vasculature in exercise is.
illustrated in Figure 2., On stimulation the arterial pressure (Py)
decreased slightly, and a small increase occurred in large muscle vein
pressure (PLV). The small musclsﬁvein pressure (PMV) rose sharply .
initially, and this was fdllowed by a slower, progressive increase to a
"steady state' value. On cessation of stimulation a sharp drop in
pressure was observed; followed by a slower decline to the control
pressure level. The ;harp increase and decline in muscle vein pressure
may reflect the influence of the contracting skeleéal muscle on the
vasculature. Blood flow through the muscle bed (F), increased during
exercise and remained well above the control value immediately post-
exercise. The calculated resistance in the muscle vein segment (Rp),
increased with exercise and remained above the control value postexercise.

The summarized data for the first series of ten experiments are
shown in Table 1. For this group the mean stimulation parameters used
were 7.5 volts, a frequency_of 6 impulses per second and a stimulus
duration of 075 milliseconds, Exercise resulted in an average decrease
in arterial pressure (P,) of 10 mm Hg. This fall in perfusion pressure
persisted immediately postexercise, and was still slightly below the

21
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Fig. 2 -Typical pressure responses of the muscle vasculature,
with measured blood flow and calculated resistances with exercise, P, =
femoral artery pressure, Pyy = small muscle vein pressure, Pry = large
muscle vein pressure, F = blood flow, Ry = muscle vein resistance.



TABLE 1

LOCAL EFFECTS OF EXERCISE ON THE VASCULATURE OF SKELETAL MUSCLE (n=10).

mmHg mmHg mmHg ml/min mmHg mmHg mmHg mmHg mmHg mmHg ml/min
/100g /ml/min - /ml/min /ml/min /100g
S1.T. /100gS1.T. /100gS1,T. /100gS1.T. L.T.
CONTROL 100 8 92 9.3 14.43 85 13.35 15 7 0.82 16.3
EXERCISE 90 10 80 20.2 4.88%% 51 3.13%% 39 29 1.70%%  26.9
POSTEXERCISE 92 10 82 20.4 4.89**. 57 _ 3.49%% 36 26 1.44% 28.2
POST-CONTROL 96 8 88 8.9 11.39 79 10.25% 17 9 1.18 -—--

%P < .05 %k P< .0l

Py = femoral artery pressure, PLMV = large muscle vein pressure, APyy = total muscle pressure gradient,
M.F. = muscle blood flow in ml/min/100 grams skinless tissue, Ry = total muscle resistance, APASMY =
pressure gradient, artery to small muscle vein segment, Rygyy = resistance, artery to small muscle vein
segment, Pgyy = pressure small muscle vein, APyy = pressﬁre gradient, muscle vein segment, Ryy =

resistance, muscle vein segment, T.F. = total limb flow in ml/min/100 grams of limb tissue.

X4
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control level two to three minutes after exercise. The large vein
pressure (PBMV)’ rose an average of 2 mm Hg on stimulation, remained
‘steady immediately postexercise, and then returned to the control level.
These pressure changes reduced the gradient over the total muscle vas-
cular bed (APyM), at the same time the blood flow increased from 9.3 to
20,2 m1/min/100 grams skinless tissue, and to 20.4 ml/min/100 grams of
skinlgss tissue in the postexercise period. The result was a significant
decrease (P < .0l), in the total muscle resistance (RTM). Resistances
calculated over the segment from the femoral artery to the small muscle
vein (RpygMy)s showed the same pattern of decreases during.and immediately
postexercise, These changes were significant at the .0l level. In this
segment even the post-control resistance was significantly below the
control level (P < .05). A persisting vasodilitation of this vascular
segment is indicated.
. The small muscle vein pressure (PSMV)’ increased from a mean of
15 to 39 mm Hg during exercise. Since the large muscle vein pressure
(PEMV) increase was small, the pressure gradient measured over this
segment increased. The calculated resistance rose from 0,82 to 1.70
mmHg/ml/min/100 grams of skinless tissue, despite the more than two-fold
increase in blood fiow. This increase was significant at the .0l level.

The postexercise small muscle vein resistance was also significantly

o

elevated above the control value (P < .05). This indicated the prééence’/

of increased smocth muscle activity in this vascular bed.
These observations suggested the possibility that the vaso-
activity in this bed was due to stimulation of sympathetic nerve fibers

coursing. through the nerve trunks that were stimulated. The study was



25
continued with another series of seventeen experiments in which the
intensity, duration and frequency of stimulation was reduced. 1In this
series the mean stimulation parameters were 3.1 volts, a frequency of 4
impulses per second and a stimulus duration of 0.2 milliseconds. These
data are shown in Table 2,

The responses elicited showed a2 nearly identical pattern to
those of the previous series, marked by decreases in mean arterial
pressure, total muscle, and artery to small muscle vein resistance.
These decreases in resistances were again significant (P < .01). The
average blood flow increase from control to exercise was slightly great-
er in this series, and the flow tended to decline immediately post-
exercise, in contrast to a very small rise postexercise in the previous
series (Table 1). Again, a large increase in mean small muscle vein
pressure from 13 to 36 mm Hg was observed, This resulted in a signifi-
cant increase in muscle vein resistance (P < .0l1), despite a nearly
three-fold increase in blood flow. As in the previous series, the
average resistance in this segment remained elevated postexercise and

the difference was significantly above the control level (P < .05).

Local Effects of Exercise on the Vascular Bed of the Skin

‘Tables 3 and 4 show the mean values for pressures, blood flows
and resistances for the skin vascular bed in exercise, Table 3 shows
the mean responseé for eight experiments, when the limb was stimulated
at 7.5 volts, a frequency of 6 per second, and an impulse duration of
0.5 milliseconds.

While the arterial pressure decreased by 9 mm Hg on the average, -

the large skin vein pressure (Pygy) increased an average of 1 mm Hg with



TABLE 2

LOCAL EFFECTS OF EXERCISE ON THE VASCULATURE OF SKELETAL MUSCLE (n=17) "

P P Pry M.F. RT AP R P AP, R T.F.
A MV A M ASMV SMV MV MV .
mmHg mmHg mmHg ml/min mmHg mmHg mﬁﬁgv mmHg mmHg mmHg ml/min
_ /100g  /ml/min /ml/min /ml/min /100g
S1.T. /100gS1.T. /100gS1.T. /100gs1.T. L.T.
CONTROL 95 7 88 7.4 15.91 83 15.15 13 6 0.82 10.7
EXERCISE 88 9 79 19.7 4,.94%% 52 3.65%% 36 27 1.63%% -~ 21,6
POSTEXERCISE 91 8 83 18.6 5.35%% 63 4, 13%% 28 20 1.26% 20.6

POST-CONTROL 95 7 88 7.9 13.65 80 10.70% 14 7 0.92 11.3

* P< .05 %% P < .01

Py, = femoral aftery pressure, Ppyy = large muscle vein pressure, APry = total muscle pressure gradient,
M.F. = muscle blood flow in ml/min/100 grams of skinless tissue, Ry = total muscle resistance, ABASMV =
pressure gradient, artery to small muscle vein segment, Rpgmy = resistance, artery to small muscle vein
segment, Pgmy = pressure, small muscle vein, APyy pressure gradient, muscle vein segment, Ryy = resistance,

muscle vein segment, T.F. = total limb flow in ml/min/100 grams of limb tissue.
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exercise, The blood flow through the skin decreased from 36.8 to 33.9
ml/min/100 grams skin tissue and returned nearly to control level post-
exercise. The relatively greater decrease in arterial pressure than in
skin blood flow resulted in a decrease in total skin resistance (Ryg)-.
This decreasé was not significant (P > .05) but did persist for some
minutes after exercise as the table shows. The resistances calcuiated
for the artery to small skin vein segment (Rpggy), followed the same
pattern. The mean changes from the control levels were small during,
and postexercise, and not significant (P > .05).

The small skin vein pressure (PSSV) decreased by an average of
two mm Hg in exercise at the same time the small muscle vein pressure
(Tables 1 and 2) incréased by a factor of approximately 2.5. The
slight change in ;mall skin vein pressure coupled with a mean rise of
1 mm Hg in large skin vein pressure reduced the skin vein pressure
gradiént to a mean of 7 mm Hg. While the blood flow decreased, the
gradient decreased proportionately more, so that the mean skin vein
resistance (RSVS fell by 0.09 mm Hg/ml/min/100 grams skin tissue, This
was not a significant decrease from control (P > ,05), and the resist-
ance'éalculated, slightly exceeded the control value postexercise.

In Table 4 the average responses for the skin vascular bed are
shown for fifteen experiments, in which the mean stimulation parameters

were 3.1 volts, a frequency of 4 per second, and an impulse duration of

0.2 milliseconds.
5

In this series the large skin vein pressure (PLéb) exhibited no
mean change from control. The skin blood flow increased by 3.0 ml/min/
100 grams of skin tissue with exercise, in contrast to a mean fall of

2.9 m1/min/100 grams of skin tissue in the previous series (Table 3).



TABLE 3

LOCAL EFFECTS OF EXERCISE ON THE VASCULATURE OF THE SKIN (n=8)

m%Hg mmHg mmHg ml/min mmHg mmHg 'mmHgv mmHg mmﬁg 5 g
: /100g /m1/min /ml/min : /ml/min
S.T. /100gS.T. /100gS.T. /100gS.T.
CONTROL 97 11 86 36.8 2,68 76 2.19 21 10 0.27
EXERCISE 88 12 76 33.9 2.23 69 2,05 . 19 7 0.18
‘POSTEXERCISE 90 11 79 35.9 2,40 70 2.11 20 9 0.29
POST-CONTROL 9 11 83 736.8 2,47 72 2.17 22 11 0.30
1 :

*#P< .05 #% P < .01

Py = femoral artery pressure,- Pjgy = large skin vein pressure, pPpg = total skin pressure gradient,

S.F. = skin blood flow in ml/min/100 grams of skin tissue, Ryg = total skin resistance, MPrggy =
pressure gradient, artery to small skin vein segment, Rpggy = resistance, artery to small skin vein
segment, Pgsy = small skin vein pressure, APgy = Pressure gradient, skin vein segment, Rsv = resistance,

t

skin vein segment.
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= TABLE 4

LOCAL‘EFFECTS OF EXERCISE ON THE VASCULATURE OF THE SKIN (n=15)

. Fa Pigy oPpg  S.F. Rpg APpssy  Rassy Pgsy APgy  Rgy
mmHg  mmHg mmHg ml/min mmHg mmHg  mmHg mmHg  mmHg mmHg
/100g /ml/min /ml/min /ml/min
S.T. /100gS.T. . /100gS.T. /100gS.T.
CONTROL 9% 9 85 34.0 3.82 77 . 3.50 17 8 0.28
" EXERCISE 89 9 80 37.0 3.24 74 2.58 15 6 0.19%
POSTEXERCISE 93 9 83 35.6 3.70 75 3.42 17 8 0.28
POST-CONTROL 95 9 86 32.2 3.50 77 3.23 18 9 0.26

* P< .05 % P< .01

Py = femoral artery pressure, PLSV = large skin vein preSSure; APpg = total skin pressure gradient,
S.F. = skin blood flow in ml/min/100 grams of skin tissue, Ryg = total skin resistance, APpggy =
pressure gradient, artery to small skin vein segment, Raggy = resistance, artery to small skin

vein segment, Pggy = small skin vein pressure, APgy = pressure gradient, skin vein segment, Rgy =

resistance, skin vein segment.
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The calculated total skin resistance (RTS), decreased with exercise and
remained slightly below the meén control level postexercise and post-
control. The artery to small skin vein resistance (Rasgy), followed the
same pattern, However, as in thé previous series, none of these changes
was significant (P > .05). The small skin vein average pressure (PSSV),
declined by 2 mm Hg with exercise returning to the control value post-
exercise, The skin vein resistance (RSV), decreased from a mean of 0,28
to 0,19 mm Hg/ml/min/100 grams of skin tissue, a decrease that was

significant at the .05 level. The decrease in skin vein pressure was

///h>bbserved in twelve of fifteen experiments, while in the previous series

!

K (Table 3), it occurred in five of eight experiments. The magnitude of

the mean change in skin vein resistance (RSV) was nearly identical in
both series. This would appear to support the possibility that the
decrease in skin venous resistance in exercise (Table 4), represents

a true loéal effect though it did not persist postexercise. The apparent
dilitation of the skin venous bgd with stimulation appears to be the

only significant alteration in responses of the skin vasculature to
exercise. There certainly was no indication of an increase in sympa-
thetic nervous activity in the responses of the skin vasculature to

stimulation of the femoral and sciatic nerves.

Oxygen Content of Blood in Muscle and Skin Beds in Exercise

Table 5 shows the results of seven eiperiﬁents in which oxygen
contents of muscle and skin blood was determined. On the average, the
musc;g_veinloxygen content decreased by 687, with exercise as the blood
flow increased by approximately 260%. The oxygen contents of the skin

veins also decreased with exercise, by 10 and 207, in the dorsal and



TABLE 5

BLOOD FLOWS AND OXYGEN CONTENTS IN MUSCLE AND SKIN EXERCISE

Control Exercise
Exp. M.F. S.F. Arterial M.Vein M.S.V. D.S.V. M.F. S.F. M. Vein M.S.V. D.S.V.
No. ml/min ml/min 0y Cont. 0%1C?nt. 0, Cont, 0y Cont. ml/min ml/min O, Cont. 0y Cont. 0, Cont.
vol 7% v8l % vol % vol % vol 7 vol % vol %

1. 36 90 8.21 5.83 - 7.7 -| 102 90  0.00 - 5.39
2. l102 120 _ - 18.50 - 19.98 276 90 5.38 : - 18.30
3. 60 36 15.51 10.32 12,45 12,05 240 24 X?.04 7.25 12,40
4, 66 90 '17.84 13.78 16.83 16.68 174 84 5.46 14.39 15.58
5. 60 63 11.25 7.03 9.39 10.15 105 66 4.68 8.60 9.85
6. 174 48  15.20  13.25  12.30  13.05 336 69  5.39 10.30 12.95
7. 54 54~ 18.70 , 12.85 - 16.65 222 39 1.62 - 12.60
Mean 79 72 14.45 11.65 12,74 13.76 . 208 66 3.65 10.14 12,44
M.F. = Muscle flow in ml/min, S.F. = skiﬁ flow in ml/min, M.Vein = muscle vein, M.S.V. = medial

saphenous vein, D.S.V. = dorsal saphenous vein.
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medial saphenous veins respectively. However, much if not all, of ﬁhis
decline is probably attributable to the 10% decrease in the skin blood

flow.

Local Effects of Reactive Hyperemia on the Vascular Beds

of Skeletal Muscle and Skin

Reactive hyperemia experiments were performed on eleven animals
to study the vascular responses to high blood flows approximating those
observed in exercise. Figure 3 shows a typical tracing 6f the arterial
pressure (Py), small muscle vein pressure (Pyy) and the large muscle vein
pressure (PLV) in response td partial constriction and release of con-
striction of the femoral artery. 1In thié experiment muscle blooa flow
diminished to one-half of the control value with constriction, as the
femoral artery pressure decreased from 80 mm Hg to 25 mm Hg, and the
large muscle vein pressure remained virtually unchanged. The calculated
muscle vein resistance (R,) remained unchanged with constriction in this
experiment., On release of constriction, the muscle blood flow increased
to 3.5 times the control value, while the muscle vein pressure gradient
(Pgmy - PLMV> increased proportionately less,'resulting in a decrease of
0.013 mm Hg/ml/min in the muscle vein resistance from the control value.

Tables 6 and 7 show the mean values of pressures, blood flows
and calculated resistances for skeletal muscle and skin requctively.
vThe ‘mean arterial pressure (QA) decreased (Table 6) to approximately
- one-half of the control value during partial constriction. The large
muscle vein pressure (Pryy) showed minimal change, 1 mm Hg on the average,.
through the course of the exﬁeriments. Musclezblood flow decreased by

a factor of 3.5 on the average, with constriction., Since the arterial
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-Typical pressure responses of the muscle vasculature,

with measured blood flows and calculated resistances with reactive
hyperemia, P

s = femoral artery pressure, P,., = small muscle vein

v = large muscle vein pressure,M¥ = muscle blood flow,

pressure, P

Ry = muscle vein resistance.



TABLE 6

LOCAL EFFECTS OF PARTIAL CONSTRICTION AND RELEASE OF CONSTRICTION OF
THE FEMORAL ARTERY ON THE MUSCLE VASCULATURE (n = 11)

mmHg = mmHg mnHg ml/min omHg mmHg  mmHg mmHg  mmHg mmHg ml/min

/100g  /ml/min /ml/min /ml/min /100g
S1.T. /100gS1.T. /100gS1.T. /100gS1.T. L.T.

CONTROL 103 7 96 8.2 15.91 91 14.95 12 5 0.72 10.8

PARTIAL

CONSTRICT. 54 6 48 2.3 27.50 46 26.40 8 o2 1.27% 3.8

RELEASE

CONSTRICT. . 86 8 78 . 17.4 6.30%% - 69 5.46%% 17 9 0.72 18.5

POST~CONTROL, 98 6 92 6.4 17.15 87 16.41 11 5 0.82 9,2

# P ,05 ** P <,01
Pp = femoral artory pressure, Pr.. = large muscle vein pressure, APy = total muscle pressure gradient,
M.F, = muscle blood flow in ml/min/100 grams of skinlass tissue, KrM = total muscle resistance, APASMV =

pressurs gradient, avtery to small muscis vein segment, EASMV = reslstance, artery o small muscle
ALY

#

vein segmeni; PSMT = prassur. small muscla veln, ABMV = prassure gradient, muscle vein sagment, Ryy =

resigtancs, muscle vein segment, W.¥, = total limb flow in ml/min/100 grams of limb tissue,

7t



TABLE 7

LOCAL EFFECTIS OF PARTTAL CONSTRICTION AND RELEASE OF CONSTRICTION OF
THE FEMORAL ARTERY ON THE SKIN VASCULATURE (n=10)

P P P S.F AP R " P tp R
sv A -F.  Rpg A sy SV

méHg mng mmgg ml/min mmHg mmﬂgsv mﬁﬁgv mmHg mmﬁg mmHg
/100g /ml/min /ml/min . /ml/min
S.T. /100gS.T. /100gS.T. /100gS.T.

CONTROL 103 11 92 26.1 4.23 81 3.78 22 1 0.36

PARTIAL :

CONSTRICT. 54 8 46 14.3 6.02 40 5.52 14 6 0.52%

RELEASE ' :

CONSTRICT. 85 11 74 21,2 4.08 68 3.80 17 6 0.30

POST-CONTROL 97 12 85 25,7 3.72 79 3.47 18 7 0.27

Ge

* P<L .05 %% P<.01

PA = fem&ral artery pressure, P;gy = large skin vein pressure, MPpg = total skin pressure gradient,
S.F., = skin blood flow in ml/min/100 grams skin tissue, Rpg = total skin resistance, APpggy Pressure
gradient, artery to small skin vein segment, Ryggy = resistance, artery to small skin vein segment,
Pggy = small skin vein pressure, pAPgy = pressure gradient, skin vein segment, Rgy = resistance, skin

“ vein segment.
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pressure decreased proportionately less than the muscle blood flow, the.
mean total muscle resistance (Ryy) and the mean artery to small muscle
vein segment resistance (RpgMy), increased by 11.59 and 11.45 mm Hg/ml/
min/100 grams of skinless tissue respectively. However, these increases
were not statistically significant (P >.’05)' On release of constriction
the mean muscle blood flow was more than twice the control value and

the calculated resistances Ryym and Rpygmy were significantly reduced

below the control values (P < ,01).

The muscle vein segment resistance (Rmy) , which was significant-
ly increased (P < .05), on constriction (Table 6) returned only to the
control level on release of constriction. In these experiments the
increase of blood flow on release of constriction was commensurate with
the elevation in the muscle vein pressure that was observed. These
results are consistent with those reported by Sharpey-Schafer (50);

They appear.to indicate that the venous vasculature is acting as some-
thing other than passive tubes in the face of the elevated blood flow‘in
reactive hyperemia,

The mean large skin vein pressure (Pygy), showed a decrease of
‘3 mm Hg with constriction (Table 7), then returned to the control level.
The skin blood flow dropped to 54% of the control value in constriction,
when simultaneously, muscle blood flow dropped to 28% of control (Table 6).
However, on release of constriction the skin flow returned only to 80%
of the mean control level (Table 7), while the average muscle blood
flow (Table 7), exceeded the mean control value by more than 100%.

The skin did not exhibit reactive hyperemia, suggesting that the muscle

bed is the preferred route for flow following limb tissue ischemia.
"j )
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Neither the mean total skin resistance (RTS) or the artery to
small skin vein segment resistance (RASSV) was significantly altered
(P > .05), through the experiments., On the other hand, the skin vein
resistance (Rsv)lincreased significantly during partial constriction
(P < .05) a response also observed in the muscle vein segment (Table 6).
Since the pressure gradients were diminished in both instances, the
resistances calculated probably reflect a passive constriction in both

beds.

Hematocrits in Exercise and Reactive Hyperemia

Vascular resistance is a function of the geometry of the vessels
accomodating blood flow and the viscosity of the fluid., It was suggested
that an increase in viscosity of the venous blood in exercise could
account for the elevated muscle vein resistances observed., To invest-
igate this possibility blood samples were drawn and hematocrits measured,
as previously described. Table 8 shows the meﬁsured venous hematocrit
values and the mean values for the various experimental stétes in eight
experiments. For comparison, this procedure was followed in reactive
.hyperemia experiments as well as exercise.

In five of eight experiments there was a slight increase in the
hematocrit with exercise that persisted postexercise. These changes
"were not significant (P > ,05). During partial constriction of the
femoral artery the venous hematocrits decreased from the control values
in six of eight experiments, This change was barely significant at the
.05 level. The mean venous hematocrit remained lower than ‘the control
on release of constriction and post-control though these changes were

not significantly different from the control (P > .05). At the same

L4



TABLE 8
HEMATOCRITS IN EXERCISE AND REACTIVE HYPEREMIA

(n = 8)

EXERCISE EXPERIMENTS

. Mean
EXPERIMENT NO. 1 2 3 4 5 6 7 8 %
CONTROL 30 42 43 42 4  40. 39 28 38.5
EXERCISE 31 41 41 43 45 8 41 30 38.7
POSTEXERCISE 32 42 41 43 47 38 42 31 39.5

POST~CONTROL 31 43 42 42 47 38 38 29 ~ 38.7

i
REACTIVE HYPEREMIA EXPERIMENTS

CONTROL 33 43 42 40 45 37 41 32 39.0

PARTIAL |

CONSTRICT. 32 39 42 41 44 35 40 30 37.9%
RELEASE :

CONSTRICT. 32 40 41 39 44 39 40 29 37.9

POST-CONTROL 30 41 41 42 44 38 40 28 37.9

#* P .05
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time the venous hematocrit decreased significantly (P < .05), during
partial constriction, the muscle vein resistance (RMV)’ increased
significantly (P < .05) (Table 6). The decregsed viscosity obviously

was not a prominent factor affecting the muscle vein resistance.

Neuromuscular Block During Stimulation of the

Femoral and Sciatic Nerves

While there is evidence to indicate that the stimulation
parameters used were not of sufficient magnitude to stimulate sympathe-
tic fibers coursing the femoral and sciatic nerve trunks, further proof
was sought empléying a technique of blocking skeletal muscle contract-
ions. In accordance with the procedure described, using Succinyl-
choline Chloride (Anectine) as the blocking agent, seven experiments
were performed. Tables 9 and 10 show the mean vascular responses for
the muscle and the skin beds respectively.

In muscle (Table 9), stimulation of the limb prompted responses
in muscle blood flow, in total muscle resistance, and artery to small
muscle vein resistances that were similar to those of the first two
series of experiments (Tables 1 and 2)., The decreases in mean total
muscle.resistance and artery to small muscle vein segment resistance
were significant at the ,01 level. 1In this series the mean muscle vein
resistance was not significantly different from the control value
(P > .05), although in-all seven experiments the calculated resistance
value was greater than the control value. When skeletal muscle contract-
ions were abolished with Succinylcholine Chloride, and while stimulation

of the limb continued, all parameters measured tended to return toward
L0

control value. This was especﬁally true for the pressure and the resist-

ance measured in the muscle vein segment, as these values returned to the




TABLE 9

LOCAL EFFECTS OF STIMULATION AND NEUROMUSCUIAR BLOCK ON THE
MUSCLE VASCULATURE (n = 7)

P P P, M.F. P R P P T.F

A APTM Rrm A A .

mmHg m%ﬂg mmHg ml/min mmHg mﬁﬁgv mﬁﬁgv mgﬂg g 2g¥g ml/min
/100g  /ml/min /ml/min /ml/min /100g
S1.T. /100gS1.T. /100gS1.T. /100gS1.T. L.T.

CONTROL 93 6 87 8.9 12,02 82 11.30 11 5 0.57 11.0

EXERCISE 87 7 80 20.2 4.56**‘ 59 3.60%x .28 21 1.31 21.0

1 to 2 MIN. o )

AFTER BLOCK 94 6 88 10.0 10.39 f/ 83 9.20 11 5 0.57 12.9

~

* P < .05 **% P < .01

P, = femoral artery pressure, P;yy = large muscle ve_in pressure, APTM = total muscle pressure gradient,

M.F. = muscle blood flow in ml/min/100 grams of skinless tissue, Rpy = total muscle resistance, APygyy =

pressure gradient, artery to small muscle vein segment, RASMV = resistance, artery to small muscle
vein segment, Pgyy = pressure, small muscle vein, APyy = pressure gradient, muscle vein segment, Ryy =

resistance, muscle vein segment, T.F. = total limb flow in ml/min/100 grams of limb tissue.
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TABLE 10 : ' ;

LOCAL EFFECTS OF STIMULATION AND NEUROMUSCUTAR
BLOCK ON THE S8KIN VASCUIATURE (n=0)

¢
p p Al Holhe K, Al R Powy A I
llllll\ll I mM'x mm{ tﬁ ml/min un{\ﬁu m.’.\ﬁﬁ" ":'\'“EIV mﬁﬂx mm,m mﬁﬂlm
/1008  /ml/min /ml/min /ml/min
8,0 /100y 8., /1008, /10081,
CON'I'ROL 92 Y 83 27.0 4,10 13 4,28 19 10 0,44
. EXBRC1BE 88 10 78 30,2 3,95 69 3,52 19 Y 0.35 -
o
1 to 2 MIN '
AFTER BLOCK 90 9 84 30.4 4,53 71 4,27 19 10 0.40

*P<,056 % P<,01

P,

, = femoral artery pressure, PLSV;= large skin vein pressure, APpg = total skin pressure gradient,

S.F. = skin blood flow in ml/min/100 grams of skin tissue, Ryg = total skin resistance, APpggy =
pressure gradient, artery to small skin vein segment, Rygoy = resistance, artery to small skin

) ) €]
vein segig_ent, Pggy = small skin vein pressure, APgy = pressure gradient, skin vein segment, Rgy =

resistance, skin vein segment.
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identical control values. There would appear to be no evidence of
additional sympathetic innervation due to stimulation of the limb. This
is also borne out by the skin vascular responses (Table 10), measured
simultaneously with those of muscle in six experiments. With stimula-
tion the blood flow to the skin increased from 27.0 to 30.2 ml/min/100
grams of skin tissue as the three resistances calculated Ryg, Rpggy»
_RSV decreased. These changes were not sighifiéant (P > .05). The
response pattern to stimulation was very similar to that shown previous-
ly (Table 3 and 4) for the skin vasculature. Following the injection
of Succinylcholine Chloride the blood flow through the skin remained
3.4 ml1/min/100 grams of skin tissue above the mean control value and

resistances returned toward mean control values.

N
Local Effects of Mechanical Hyperemia and the Active Hyperemia of

Exercise at Consta%t Perfusion, on the Vasculature of Skeletal Muscle.
To'gain further insight into the response of the muscle vascula-

ture of the limb to increased blood flow, a pump perfusion maneuver was
employed as previously described. A typical response of muscle to
tﬂis procedure is illustrated in Figure 4. As the muscle blood flow (F)‘
was increased from 42 ml/min in stepwise fashi&n to 174 m17min the |
artefial pressure (Pp) showed a slight tendency to fall at the highest
flow. The perfusion pressure (Pp) increased 10 to 20 mm Hg with ;ach
increase in blood flow. The small muscle-vein pressure (Pyy) showed o
similar increases with flow rate and the large muscle vein pressure
varied no more than a mm Hg through the entire range gf flows. The

muscle vein resistance (R,) shows a consistent decrease through the

range of flows indicating that the muscle blood flow increased
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Fig. 4 -Typical pressure responses of the muscle vasculature,
with measured blood flows and calculated resistances with mechanical
hyperemia. P, = femoral artery pressure, Pp = perfusion pressure,

Pyy = small muscle vein pressure, Pry = large muscle vein pressure,

F = muscle blood flow, R, = muscle vein resistance.
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proportionately more than the muscle vein pressure gradient as flows.
were adjusted upward. This response resulted in the characteristic
pressure-flow curve fof\{?e limb vasculature seen in Fiéure 5 (unbroken
black line).

The average results for nine experiments, at five different blood

flow levels, are shown in Table 11. As the mean blood flow was elevated

.

e

from 3.6 to 13.9 ml/min/100 g. skinless tissue, the total muscle resist-
ance (RTM), the artery to small muscle vein resistance (RASMV) and the
muscle vein resistance (RMV) decreased in step-like fashion. These
decreases in Rpy and R.ASMV from the lowest to the highest flow used were
significant (P < .01). The mean difference in muscle veinvresistance
(Ryy) from the lowest to thé highest flow was significant at the .05
level. A graphic plot of mean blood flow and the mean muscle vein resist-
ance data conforms to the curve of Figure 5 (unbroken line). It will
also be observed (Table 11), that the skin blood flow progressiQely
increased with the elevation of flow rate. It is interesting to note
(Table 11), that the muscle bed appeared to receive a higher proportion
of the increase in flow at the higher flow rates. The muscle flow
changed by mean increments of 2.3, 2.5, 2.8, and 2.7 ml/min/100 grams
of skinless tissue and the skin in increments of 11.7, 10.9, 7.3 and
8.7 m1/min/100 grams of skin tissue.

In the same nine experiments the animals were subjected:to
- nerve stimulation of the limb following control measurements at a
blood flow level approximating a normal control value. A typical
record of responses using thistprocedure is illustrated in Figure 6.

The arterial pressure measured in the carotid artery remained nearly

L ]
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TABLE 11

LOCAL EFFECTS OF MECHANICAL HYPEREMIA ON THE VASCULATURE OF SKELETAL MUSCLE

F.S. By Pp P APry M.F. Ty APy vy Raguy Poyy APyy T.F. S.F.
mmHg mmHg méﬂg mmHg ml/min mmHg mmHg mmHg mm%g mmHg zﬁﬁg ml/min ml/min

/100g /ml/min . /ml/min /ml/min /100g /100g
s1.T. /100gS1.T. <~ /100gS1.T. /100gS1.T. L.T. S.T.

4 108 68 5 63 3.6 19.17 60 19.37 9 4 0.87 6.0 18.0

(n=9)

6 105 94 5 90 5.9 16.05 84 16.04 9 4 0.69 8.6 29.7 ~

(n=8) A 5

8 104 117 5 111 8.4 14.99 107 14.40 10 4 '0.60 11.9 40.6

(n=9)

10 96 129 5 123 11.2 13.30 118 12,80 10 . 5 0.50 15.5 47.9

(n=9)

12 ; 91 144 6 138 13.9 11.92%% 133 11.53%* 11 5 0.43% 19.0 56.5

(n=7) .

* P <,05

*% P < .01

F.S. = flow setting, Py = carotid artery pressure, Pp = perfusion pressure, Pimy = large muscle vein
pressure, APy = total muscle pressure gradient, M.F. = muscle blood flow in ml/min/100 grams of skinless
tissue, Ryy total muscle resistance, APpgyy = Pressure gradient, artery to small muscle vein segment,
RASMV = resistance, artery to small muscle vein segment, PSMV = pressure, small muscle vein, APMV =
pressure gradient, muscle vein segment, RMV = resistance, muscle vein segment, T.F. = total blood flow

in m1/min/100 grams of limb tissue, S.F. = skin blood flow in mlﬂmin/loo grams of skin tissue.
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constant at 115 mm Hg. On stimulation the perfusion pressure (Pp)
decreased from approximately 87 to 50 mm Hg and remained steady through
the postexercise period. The response of the small vein pressure (PMV)
to exercise was similar to that shown previously (Figure 2), in which a
rapid increase in pressure was followed by a slower rise to a '"steady
state'" value. On cessation of stimulation the pressure decreased
immediately by 5 mm Hg but then remained well above the control value
for sometime bostgxercise. A similar postexercise response was observed
in four of nine experiments at constant flow. The large vein pressure
(Pry) showed little tendency to change through the course of the experi-
ment. Blood flow (F) through muscle increased in exefcise from 76 to
120 ml/min despite constant perfusion of tﬁe limb. This indicated a
diversion of blood flow from the skin vasculature in exercise. Post-
exercise blood flow was sustained at the exercise level. As previously
shown (Tablés 1 and 2), the muscle vein resistance in this experiment
(Figure 6), was above the control level in exercise and remained so
postexercise,

Table 12 shows the mean values for nine experiments with constant
limb perfusion. It will be observed that the mean control value of .
muscle blood flow for these experiments was 8.2 ml/min/100 grams of
skinless tissue, which closely approximates the flow at setting No. 8
in Table 11, and the control blood flows in the spontaneous flow experi-
ments (Tables 1 and 2). The vascular responses to exercise are nearly
identical to those observed in the first two series of experiments
(Tables 1 and 2)., With constant perfusion the muscle blood flow could
not rise to the levels observed in natural fléw experiments; however,

a diversion of flow from skin to muscle did occur, which decreased skin



TABLE 12

’

LOCAL EFFECTS OF EXERCISE AT CONSTANT PERFUSION ON THE VASCULATURE OF
SKELETAL MUSCLE (n=9)

PA PP PIMV APTM M.F. RT nﬁiﬁSMv RASMV PSW APMV T.F. . S.F.
mmHg mmHg mmHg mmHg ml/min Hg g mmHg mmHg  mmHg g ml/min ml/min
/100g  /ml/min /ml/min /ml/min /100g /100g
S1.T. /100gSl.T. /100gS1.T. /100gS1/T. L.T. S.T.
CON. 94 112 5 107 8.2 15.40 104 15.10 8 4 0.51 11.6 36.2
EX. 94 46 6 40 12,2 4, 16%% 28 2, 74%% 18 11 1.37%% 11.6 12, 0%%
P.E. 95 45 5 40 11.4 4, Qb 30 3.12%* 14 9 0.95%% 11.0 9, 5%%
* P<.,05 **P<.,O01
Con. = control, Ex..= exercise, P.E. = postexercise, Py = carotid artery pressure, Pp ={perfusion

pressure, ?EMV = large muscle vein pressure, APpy = total muscle pressure gradient, M.F. = muscle blood
flow in'ml{gin/loo grams of skinless tissue, Rpy = totgl muscle resistance, APpguy = artery to small
muscle vein pressure gradient, Rygqy = resistance, artery to small muscle vein segment, Poyy = small
muscle vein pressure, APyy. = pressure gradient, muscle vein segment, Ryy = resistance = muscle vein
segment, T.F. = total blood flow in ml/min/100 gréms of limb tissue, S.F. = skin blood flow in ml/min/100

.grams of skin tissue.
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flow.three-fold and raised muscle blood flow approximately 50% in
exercise. There was a slight reduction in muscle flow postexercise
but it remained 3.2 ml/min/100 grams of skinless tissue above the
control value. Skin flow also diminished further postexercise, from the
exercise level of 12,0 to 9.5 ml/min/100 grams of skin tissue. The
changes in skin flow were significant (P < .01). Th; decrease in total
blood flow through the limb postexercise cannot be explained. It may
indicate increased loss of fluid from the vascular compartment trigger-
ed by increased capillary hydrostatic pressure.

Table 12 also shows that the muscle vein resistance was signifi-
cantly increased in exercise and postexercise (P < .0l1). With nearly
identical mean blood flows as those observed in control and postexercise
states (Table 12), the mechanical hyperemia experiments (Table 11),
resulted in a decrease in mean muséle vein resistance, from 0,060 to
0.050 mm Hg/ml/min/100 grams of skinless tissue, rather than an. increase.
This was observed in eight of nine mechanical hyperemia experiments. The
broken line of Figure 6 indicates the direction of the mean small muscle
vein resistance change with increased blood flow from control (C) to post-
stimulation (PS) states. The postexercise resistance (PS) is observed
to fall far off the line plotted for resistance as.a function of flow
rate in the hindlimb., This is further evidence that the muscle vein
resistances measured in exerciée, and immedia;ely postexercise, results

from some degree of increased activity of smooth muscle in the venous bed.




-CHAPTER IV

DISCUSSION

Local Effects of Exercise, Reactive and Mechanical Hyperemia

on the Vasculature of Skeletal Muscle

This study shows that the pressure in small muscle veins is
elevated out of proportion to the increase in muscle venous outflow
following local exercise, and in proportion to the increase in muscle
venous outflow immediately following release of arterial oéclusion.
Since venous hematocrit changes could not explain these findings, and
small muscle venous pressure rises proportionately less than muscle
venous outflow during mechanical hyperemia, an active response of the
smooth muscle in the veins is suggested, Without question, a part of
the increased muscle vein resistance during exercise is due to the
influence of the contracting skeletal muscles. This would cause a
passive narrowing of the lumen of adjacent blood vessels and increase
the resistance to flow. However, since the postexercise venous resist-
ance remained elevated, there being no observable skeletal muscle

“confractions in this period, increased vasoacfivity appears'to be
involved,

Several possibilities for explaining these effects as something
other tﬁan a local change in smooth muscle activity were investigated.

There was no evidence that the stimulation parameters used were sufficient

51




52
to fire sympathetic fibers which would conéribute to increased vasomotor
activity. Corroboration of this point is given by the failure of widely
different stimulation parameters to elicit significant variations in
venous responses in exercise. Furthermore, the skin data indicate no
change, to a decrease in venomotor tone in response to stimulation,
rather than the increase one would expect with increased sympathetic
activity. In‘addifion, when Succinylcholine Chloride was used to block
skeletal muscle contractions during electrical stimulation of the limb,
the parameters measured returned toward control values, giving no ewvi-
dence of increased constrictor tone. The value of this evidence has
recentlyvbeen opened to question by the work of Burn and Seltzer (10).

They demonstrated that selected neuromuscular blocking agents also

blocked sympathetic post-ganglionic nerve endings. While they did not

S
.,

"study Succinylcholine Chloride, they found that Decamethonium, which has
an identical action on neuromuscular receptors, did block sympathetic
activity in bath concentrations of 25 mg/liter. However, the,biock was
only 507 complete in the phrenic nerve-diaphragm preparation of the rat
after four hours in the bath. 1In the present experiments the concentra-
tion of injected Succinylcholine Chloride was 100 mg/liter. However, the
bolus injection required to make the limb skeletal muscle quiescent dur-
ing stimulation never exceeded 10 milliliters and this was diluted in
blood perfusing muscle at-the‘rate of 20.2 ml/min/lOO grams'of skinless
tissue, In addition, the critical pressure and blood flow measurements
were made within two minutes of the injection. Furthermore, when the
still quiescent limb was stimulated at high intensity and duration

(10 to 40 volts and 10 to 20 ms.), we were able to demonstrate a vaso-

constrictor effect in muscle veins in four of seven experiments, and in
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skin veins in six of seven experiments. This would indicate that (1)
there was probably no sympathetic stimulation with the stimulation para-
meters used and, (2) if Succinylcholine Chloride has a sympathetic block-
ing action it is not effective at high stimulation intensity.

The elevated muscle vein resistance could conceivably result from
a shunting of muscle vein blood to skin veins at a site downstream from
the location of the small muscle vein catheter. Such an occurrence
would lead to an underestimation of muscle blood flow and the over-
estimation of muscle vein resistance. If such a shunt were operative,
it should be indicated by a decrease in oxygen content of the skin vein
blood, as§uming the increased oxygen consumption of exercise is cbnfined
to muscle. The oxygen éontents of the dorsal and medial saphenous veins
did diminish in exercise by 10 and 207 respectively (Table 5). However,
the skin blood flow also decreased by 107 in the seven experiments
reported. There was no indication that a sizeable portion of muscle
vein blood .is shunted to the skin in exercise.

It was also postulated that the high small muscle vein pressures
recorded were flow related, i.e., not true lateral pressures. Besides
the fact that the muscle véin catheter sites were observed to have good
collateral circulation, subsequent experimental observations make this
postulate untenable. In reactive hyperemia experimepts blood flows were
mé;sured which approximated’those seen in exercis:T However, the mu#cie
veiﬁ pressures measured were considerably lower per unit of flow than in
the exercise experiments. Where muscle vein resistances assumed control
values in reactive hyperemia, they exceeded control values in exercise

by a factor of 1.5 to 2. When the hindlimb was mechanically perfused
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af increasing blood flows, the flows increased out of proportion to the’
increases in muscle vein pressures, resulting in progressive decreases
in muscle vein resistances.

While the muscle vein segment data are in accord with the exer-
cise and reactive hyperemia responses reported by Sharpey-Schafer (50),
they are not in agreement with those of Kjellmer (40), and Thulesius and
Johnson (54). These investigators reported a dilitation of postcapillary
vessels in exercise., Their data are based on isovolumetric and iso-
gravimetric determinations of capillary hydrostatic pressure. Both.
techniques necessitate the alteration of normal vascular dynamics for
this determination. Kjellmer (40), e.g., had to raise large muscle vein
pressure to calculate the capillary filtration coefficient and then the
capillary pressure, Furthermore, to make these calculations, it was
assumed that 80% of the change in large vein pressure is transmitted to
the capillary. Landis and Pappenheimer (43), appear to question such an
assumption, stating that the variability of normal capillary pressure
is such, that one cannot make a meaningfui comparison of the increment.
in capillary pressure thgt corresponds to any given increment in venous
pressure, Kjellmer admits to the.possibility of an error of up to 207%
in his calculation of capillary hydrostatic preésure. The necessary
alteration of the large vein pressure to calculate capillary hydro-
static pressure could be responsible for another potential.source of
error. Yamada and Burton (59), first demonstrated the existence of a
venivasomotor reflex, in which filling of finger veins resulted in a
- reflex precapilléry constriction. More recently, Patterson and Shepherd

(47), found that stretching vessels of normal, sympathectomized and
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" chronically denervated forearms by venous constriction was followed by
constriction of the resistance vessels. If suéh a response occurred
with venous constriction in Kjellmer's preparation, the capillary press-
ure would tend to be underestimated, as would the postcapillary resist-
ance. It is possible that such a mechanism would be even more active in

exercise than the resting state, since the precapillary vessels would

be more widely dilated in this state and more susceptible to such a veni-

vasomotor reflex, The work of Thulesius and Johnson (54), has not been
reported in detailed form though the isogravimetric technique used.has
been described (32). It is difficult to conceive that an accuréte
interpretation of dynamic vascular events in exercise could be derived
from a érocedure necessitating a stoppage of blood flow during the
maneuver.

Since the capillary pressure must exceed muscle vein pressure,
the present data indicate that a two to three-fold increase in capillary
hydrostatic pressure occurs in exercise. While this would help explain
the efflux of fluid from the vascular compartment in exercise, one is
faced with the problem of describing the mechanism for the increased
vasoactivity of the muscle veins. One can only offer conjecture on this
subject at the present time. érant (25), showed that while sympathecto-
my of a limb reduced constrictor tone and increased blood flow, it did
not affect the ability to increase the limb blood flow in response to
muscﬁlar contractions. Such work led to the generally accepted view
that the hyperemia of exercise is a localized phenomenon not indﬁced by
vasomotor nerves. While this intrinsic vasomotor activity is usually
associated with the precapillary vessels, there is evidence that under

certain conditions, postcapillary vessels exhibit intrinsic activity

e p o mmr e
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which may be opposite in direction frpm.that exhibited by precapillary
vessels,

Hanson and Johnson (32), demonstrated a local arteriovenous
reflex in the intestine. They showed that a progressive decrease in‘fhe
arterial pressure resulted in an increase in venous resistance. They
postulated an axon reflex mechanism with an adrenergic mediator, with
receptors located on the arterial side and effectors on the venous
side. However, in subsequent work (33), these investigators were not
able to demconstrate this mechanism in the dog hindlimb.

- The predominance of opinion attributing the arteriolar dilita-
tion of exercise to a tissue metabolite (37), (40), leads one to
suspect the same type of mechanism as the causative factor in muscle
vein constriction. Indeed, there is evidence to suggest that the same
substance may be responsible for both effects. Haddy (30), has demon-
strated that even small infusions of histamine administered inter-
a;;erially, will raise small vein pressure due to its dilator effect on
" the precapillary vessels. With larger infusions histamine raised small
vein ﬁressufe Sy direct action on tﬁe vasculature and through stimulation
of aﬁ adrenal discharge. Anrep et al. (2), had earlier suggested that
histamine was the precapillary dilator substance in exercise, since
- muscle effluent blood was found to contain significantly higher levels
of histamine than was found in the resting state. This view was subse-
quently questioned when it was shown that the dilator response was not
diminiéhed following the administration of anti-histamine (37). 1In four
experiments, not reported here, infusions of Phentolamine 50 pg/min.,

failed to indicate an increase in adrenergic activity in the muscle veins
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in exercise. While histamine or any other agent cannot be implicated
here, Haddy's data demonstrates the dual effects which may be induced
either diréctly or indirectly, by an endogenous suﬁstance, and lends
cfedibility to the view that a precapillary dilator metabolite may be
responsible for the increased venoactivity observed in exercise.

In reactive hyperemia experiments the release of partial
occlusion was fo}lowed by a muscle vein breséure rise commensurate
with the increase in the muscle blood flow. This response is apparently
indicative of an increase in the vasoactivity of muscle veins, since the
characteristic response to increasing blood flows in the mechanical
hyperemia experiments was a pressure rise not commensurate to the in-
crease in flow. |

This study also shows that exercise of the Hindlimb is follow-
ed by a three to. four-fold decrease in the total muscle resistance,
measured from the femoral artery to the large muscle veiE. Despite the
small fall in the pressure gradient, the muscle blood flow increased
by a factor of 2.2. This observation, i.e., a fall in total vascular
resistance has been observed by a number of investigators (16), (24),
(36), but the mechanism for it has defied description. |

As the present and other studies show (25), (40), the dilita-
tion does not depend on the integrity of centrél nervous pathways.
Gaskell (23), was the first to postulate that muscle blood vessels
were opehed by vasodilator metabolites liberated from skeletal muscle
fibers, Since that time various substances have been implicated as
active in the process but established proof for any one is lacking. An
increased 1actat¢ level in exercise was suggested as the triggering

mechanism but this appeared questionable when Rigler (48), reported that
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exercise hyperemia was unaffected when the formatioﬁ of lactate was
prevented by iodoacetic acid. Golwitzer-Meier (24), has presented evi-
dence that the hydrogen ion concentration is not involved. The tissue
hypoxia theory has been advanced as a likely mechanism but.it £oo has its
detractors for reasons summarized by Shepherd (51). Hilton (37), found
the response was unaffected by anti-hiétamines and also suggested that
ATP apd bradykinin were not involved. Fleisch and Sibul (20), studied
the vasodilator properties of some seventy intermediary éroducts of
metabolism and found extremely weak activity in a few. Under the same
experimental conditions acetylcholine was mﬁch moré potent. |

Kjellmer (40), has focused on the possibili£§ that the potassium
ion is responsible for the arteriolar dilitation in exercise and provides
evidence in support of this assertion. He found that the action of
potassium caused identical responses to those he observed in exercise
i.e., precapillary dilitation and virtually no change in the activity
of the postcapillary vessels. 1In the present study, the postcaﬁillary
activity increased in response to exercise. Assuming that this repre-
se;ts the true conditions ofvthe veins in exercise it is unlikely that
it is p;fassium induced. Emanuel et al. (19), found that.potassium
salts in infusions of 1ess'than 8 mEq/1l. dilated precapillary vessels
while the postcapillary vessels remained unchanged. Higher infusions
produced an arterial constrictor effect but increased dilitation in
small vessels. Kjellmer (41), also observed arterial constriction with
high infusions of potassium. Rudko and Haddy (49), recently demonstrated
that potassium levels do not rise in venous blood following release of

.a four minute occlusion in the dog hindlimb. To the extent that some
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common arteriolar dilator mechanism might be suspected in exercise and
reactive hyperemia this evidence detracts from the liklihood of a potass-
ium mechanism. However, such evidence hardly precludes a potassium

mechanism from consideration in exercisé hyperemia,

Local Effects of Active, Reactive and Mechanical

Hyperemia on the Vasculature of the Skin

The data relating to the skin vascular bed showed a siénifican;
decrease only in the muscle vein resistance in the second serieé of
fif;een exercise experiments. The total, and the artery to small muscle
vein segment resistance diminished with exercise but the changes were not
significant. Skin blood flow declined with exercise in one series and
increased in the‘other by a nearly identical magnitude. This change was
small and the results would agree with those of Coles and Gooper (12),
who found that the exercise hyperemia was confined to the muscle tissue.
Work by Wallace (56), also indicated that flow througﬂ the skin did not
increase in local exercise of the hand. The apparent skin dilitation
observed probably reflects alterations in skin dynamics sufficiént to
preserve its normal blood flow in the face of a pronounced dilitation
in the muscle bed. This was possible with a 15 to 167% decrease in total
skin resistance as the total muscle resistance declined by approximately
65%. There was no indication of thé vasoconstriction of skin vessels
observed by Christensen et al.(l1), and Barger et al. (3), in exercising
humans, and by Page et al. (45), in forearm vein segments during exercise.
In their investigations the vasculature retained its central nervous
innervation, Furthermore, with the exception of the last study mention -

ed, the exercise involved considerable of the body musculature which
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would necessitate some redistribution of the total blood supply.
Centrally supplied autonomic@;ibers apparently fulfill this function
~ according to Folkow and Mellander (21). In the present work the limb
was denervated and thg exercise involved only a limb segment. Even
though denervated the limb vasculature showed ability to redistribute
its blood supply in the constant perfusion-exercise experiments. When
the blood flow to muscle bec;;e grossly insufficient in exercise, a
large diversion of flow from skin to muscle occurred, In one experi-
ment the skin flow was completely ;urtailed postexercise., The blood
flow through the muscle bed increased 507 on the average, in these
experiments while the skin flow decréasgd to 337%. This diversion of
flow from skin is apparehtly due to dilitation in the skeletal muscle
bed without dilitation in the skin. Indeed, the skin vessels ;pparent-
ly passively constrict, for the perfusion pressure diminished, but pro-
portionately less than the decreaée.in skin flow.

Assuming that the decrease in skin vein resistance represents
a true alteration in vascular activity, its significance remains .
questionable since the decline in total, and artery to small skin vein
resistance also occurred. There is probably littlg overall effect on
thé critical capillary hydrostatic pressure.

Numerous investigators (7), (12), (58), have demonstrated
reactive hyperemia in the skin vascular bed. When the parallel beds
of muscle and skin were simultaneously deprived of their blood supplies
in this study, the skin did not exhibit reactive hyperemia. On release
of constriction the skin flow returned to.only 807 of the controd value,

while the muscle blood flow more than doubled. Two to three minutes
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after release of constriction the flow was slightly less than céntrol.
Coles and Cooper (12), have demonstrated that when the forearm tempera-
ture was reduced in humans, reactive hyperemia was mostly confined to
the deeper muscle tissues. When the forearm was warm, on the other hand,
the hyperemia occurred in the skin as well as the deeper tissues. The
lack of the hyperemic response in this study was probably due, in part,
to a cooling effect. 1In the éourse of the experiments the limb skin
retracted considerably after sectioning, and a large area of muscleland
subcutaneous tissue was exposed which would facilitate cooling. Further-
more, the occlusion of the femoral artery was not complete in these
experiments and there is evidence (Tables 6 and f), that the skin blood
supply was not compromised as much as the muscle supply during occlusion.
The data show that the skin flow diminished by 45% while the muscle flow
decreased by 72%. This fact, combined with the normally low metabolic
requirements of the skin apparently contributed to the gﬁseﬁce of the

hyperemic effect in this bed.

L1



CHAPTER V
SUMMARY AND CONCLUSIONS

The effect of exercise on veins was studied in an attempt to
help explain changes in blood volume that #re observed to occur in
exercise, For comparative purposes the effect of reactive and mechani-
cal hyperemia on veins was also investigated. Vascular responses in
muscle and skin were observed in forty dogs with denervated hindlimbs.
Blood flow determinations were made in both beds as well as pressure
measurements at sites in the femoral artery large and small muscle
veins, and the large and small skin veins. Vascular resistances ;;re
calculated for the segments from the femoral artery to the small muséle
and skin veins respectively, from the small muscle and skin veins to the
large muscle and skin. veins respectively, and from the femoral artery to
the large muscle and skin veins respectively. Appropriate pressure and
blood f}ow measurements were made in the control state, during exercise
(simulated by faradic stimulation of the femoral and sciatic nerve trunks)
immediately postexercise, (3 to 5 seconds), and post-control. To ascer-
tain whether or not increased sympathetic activity occurred with stim-
ulation, skeletal muscle activity was blocked with Succinylcholine
Chloride during stimulation in seven experiments. In a number of
experiments of the exercise series the‘oxygen contents of muscle and
skin blood were determined and the hematocrits were measured. Hemato-

crits were also measured in a number of reactive hyperemia experiments.
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In this series, pressure and flow measurements were made in the control
state, during partial constriction of the femoral artery, on release of
constriction and in the post-control state. Iﬁ another series the same
vascular measurements were made as the blood flow through the limb was
progressively increased with a pump (mechanical- hyperemia), and when
the blood flow was held constant as the limb was exercised.

An increase in the muscle venous resistance was observed in
exercise that could not be attributed solely to the passive action of
the skeletal muscle on the adjacent vasculature, since the vasoactivity
persisted postexercise. Venous hematocrit determinations appeared to
rule out increased viscosity as a factor in the increased muscle vein
resistances. Changes in muscle vein dynamics in reactive hyperemia
and mechanical hyperemia indicated there was little likelihood that an
artifact in the experimental preparation was responsible for the high N
muscle vein pressures measured in exercise. In addition, it is un-
likely that increased sympathetic activity, resulting from stimulation
of the limb nerve trunks, could be a causative factor, or that muscle-
to-skin shunts could be involved. The response of the skin vasculature
to exercise was characterized by an apparent decrease in the skin vein
resistance that did not persist postexercise.

Venous resistance in muscle did not change during reactive
hypefemia. Since muscle venous resistance fell during mechanical hyper-
emia, increased muscle venoactivity following release of arterial
occlusion is suggeéted.

These findings suggest that there is an increase in vasoactivity

of muscle veins in exercise and a similar but less pronounced response
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in veins in reactive hyperemia. These responses may contribute to the
rise in capillary hydrostatic pressure and hence to fluid efflux from

the capillary.
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