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ABSTRACT

To determine whether muscle contractions can increase
muscle blood flow i1ndependently from metabolil. factors, we
isolated the diaphragmatic vasculature of 16 anesthetized
and mechanically ventilated dogs. Phrenic inflow (Qphi) was
controlled with a constant pressure source and the pressure
(Pa) was decreased in steps to obtain the pressur--flow re-
lation (P-Q). e vasculature was maximally vasog'lated and
contractions occurred spontaneously (n=s) or were 1induced by
twitches (n=12) or tetanic trains (n=7). The P-Q rczlations
with contractions were compared to those with vasodi'latation
alone. With spontaneous contractions, the pressure in:ercept
decreased from 47.35 + 17.44 to 33.77 + 1&6.82 mmHg (p <
0.05) and the slope remained unchanged so that at Paz100
mmHg, Qphr increased from 36.22 * 34.85 to 43.91 * 38.22
ml/min/100g (p < 0.05). Flow increased slightly with

twitches but not with trains. We also elicited twitches,

12/min and 60/min trains in vascularly isolated
gastrocnemius muscles (n=6) and found no change in flow. In
conclusion, the muscle pump has only a small effect on

muscle blood flow.
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RESUME

Afin de determiner si les contractions musculaires

augmentent le flux arteriel musculaire independamment do

facteu < metaboliques, on a 1sole les valsseiux Sanyuins
du diaphragme de 16 chiens anesthésies at ventiles
mécaniquement. Le flux artériel phrénigue (Qphr) a ete

contrdlé par une socurce de pression constante et on A
diminué la pression (Pa) par étapes pour determiner les ra-
lations pression-flux (P-Q). On a vasocdilate le:z vaisseauw
au  maximnum et induit des contractionz diaphragmatiques
spontanement (n=6), par des secousses repetees (n=12) ou
des trains ¢’ impulsions tétaniques (n=7). Les relations P-Q
obtenues lors des contractions ont &té comparees a celles
obtenues lors de 1a vasodilatation seulement. Pendant les
contractions spontanees, Qphr a Pa=100 mmHg a augmente de
36.22 *+ 24.85 & 43.91 + 38.22 ml/min/100g (p <0.09). dphr a
augmence leégerement avec les secousses mals pas avec les

trains d’impulsions. On a aussl 1nduit des secousses et des

N

trains d’impulsions dans des Jumeaux isulés (n=e) mais le

flux n’a pas changé. En conclusion, la pompe musculaire a un

effet modeste sur le flux artériel musculaire.
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LITERATURE REVIEW

The objective of the present study was to determine
whether muscle contractions can i1ncrease blood flow to
skeletal muscle by squeezing blood ocut of the vessels and

thus acting as a muscle pump.

1. BLOOD FLOW TO SKELETAL MUSCLE

Blood flow 1s the volume of blood which passes each
minute through an organ or a tissue and is expressed 1in
1/min or ml/min/100g tissue. In resting mammalian sheletal
limb muscles, blood flow is approximately 2-5 ml/min/100g,
and 5-52 ml/min/100g in in situ muscle preparations (Bockman
et al., 1980 ; Folkow and Halicka, 1968; Grimby et al.,
1967; Hilton et al., 1970; Shepherd, 1983). During exercise,
blood flow rises to more than 300 ml/min/100g in humans and
conscious animals, and reaches up to 263 ml/min/100g in in
situ muscle preparations (Andersen and Saltin, 1985;
Armstrong and Laughlin, 1985; Armstrong et al., 1987; Grimby
et al., 1967; Hilton et al., 1970; Lind and McNichol, 1967;
Rowell et al., 1986&). In animals, diaphragmatic blood flow
ranges from 9 to 42 ml/min/100g during quiet szpontaneous
breathing and increases to 15-207 ml/min/100g during
inspiratory resistive loading, 169-333 ml/min/100g during
treadmill running, and 70~265%5 ml/min/100g during
electrophrenic stimulation (Armstrong and Laughlin, 1985;

Bellemare et al., 1983; Buchler et al., 1985; Magder et al.,




1985; Manohar, 1986; Mush et al., 1987; Robertson et al.,
1977a, 18977b; Rochester and Bettini 1976; Rochester and
Pradel-Guena, 1973).

The high wvariability of measurements of peak blood flow
to skeletal muscles in these studies can te accounted for by
differences 1in species, surgical and muscle preparations,
types of muscle fibers ztudied, workloads used, percentage
of the active muscle mass, training states of the nuscles,
and techniques employed for measuring blood flow. Fur-
thermore, there has been a marked variation between studies
in the values of the determinants of blood flow. dAccording
to Poiseuillle’s law, the flow of fluid throuah a rig:id tube
is determined by the driving pressure and the conductance of
the tube. $Small collapsible arterial wvessels function as
rigid tubes when the difference between the pressures 1nside
and outside the vessel (tran--ural pressure) 1is positive
throughout the wvascular bed. Under these conditions, the
equation for arterial blood flow (Qa) is:

Qaz(P1-Po) x 1/Ra
where P1 and Po are the pressures at the inflow and outflow
ends of the vascular bed, respectively, and 1/Ra is muscle
vascular conductance (the reciprccal of arterial resistance)
measured at a given P1 (Green, 1987). The contribution to
muscle perfusion by each of these factors is as follows.
a. Inflow Pressure
The pressure at the inflow end of the mu=cle wvascular

bed is the arterial or perfusion pressure. Under resting




conditions, blood flow is independent of changes between 40
and 120 mmHg 1n perfusion presscvre due to autorzgulation

(Hussalin et al., 1988; Stainsby, 1962; Stainsoy and Renkin,

1961). Autoregulation is usuall, explained by metabolic or
myogenic mechanisms (Bacchus et al., 1981 ; Folkow, 1964,
Folkow and Oberg, 1961 ; Goodman et al., 1978; Jochnson,

1980; Mohrman and Sparks, 1974:; Smiesko, 1971; Stainsby,
1961). The metabolic hypothesis attributes changes in wvascu-
lar resistance to the release of tissue metabolites trig-
gered by physiological alterations 1in blood flow. The
myogenic theory attributes the stability of blood flow to
active contraction or relaxation of the vascular smooth
muscle elicited by changes in intravascular or transmural
pressure.

When the ability of vessels to vasodilate is exhausted,
the blood flow capacity of skeletal muscle becomes depen-
dent on perfusion pressure (Magder, 1986; Reld and Johnson,
1983). Thus, differences between studies in the perfusion

pressure used could contribute to the disparity 1in the

"maximal blood fiow” reported (Folkow and Halicka, 1968;
Hilton et al., 1970). Investigators cften use "maximal blood
flow” to describe the peak flow obtained during a series of

experiments. The term “"maximal” implies a unigue value rep-
resenting the highest flow possible. However, due to the re-
lationship between perfusion pressure and vicod flow, it is
only possible to measure a true maximal blood flow under a

given set of conditions. Therefore, the use of "blood flow




capacity” is more appropriate (Laughlin, 1987).

b. Muscle Vascular Conductance

Conductance 13 expressed in 1l/min/mmHg ot
ml/min/100g/mmHg. The conductance of a tube 1s preportional
to the fourth power of the radius of the tube and 1= in-
versely proportional to the length of the tube and the wvis-
cosity of the fluid. Under normal physiolcgical conditions,
the hematocrit and the length of the blood vessels are con-
stant. Thus, a change in conductance usually results from a
change in the radius of the vasculature (Green, 1987). Since
direct measurement of the radius is difficult, muscle vascu-
lar conductance is calculated as the ratio of wnuscle blood
flow to the driving pressure.

Numerous studies indicate that blood flow to skeletal
muscle increases during exercise (Andersen and Saltin, 1985;
Armstrong et al., 1987; Manohar, 1986; Robertson et al.,
1977b). In situ studies have shown that the highest conduc-
tances in fast-twitch glycolytic muscles are obtained during
twitch-type electrical stimulations whereas peak blood flows
in high oxidative fast- and slow-twitch muscles are produced
during tetanic trains (Folkow and Halicka, 1968; Mackie
and Terjung, 1983). The conductance<s achieved 1n high oxida-
tive muscles are even greater during contractionc generated

by natural 1mpulses (which will be referred to a

[

"spontanecus” contractions) than electrical stimulation

(Armstrong and Laughlin, 1985; Laughlin, 1987).




The mechanisms of the increased arterial perfusion in
body tissues during exercise (exercise hyperemia) are not
vet known. It 15 generally accepted that active skeletal
muscles release metabolites which produce vasodilatation of
resistance vessels and 1ncrease blood flow proportionally to
the metabolic demands (Barcroft, 1964: Shepherd, 1983). The
list of potential metabolic vasodilators is extensive and
includes hypoxia, carbon dioxide, hydrogen-ion concentra-
tion, lactic acid, potassium, inorganic phosphate,
osmolarity, adencsine, adenine nucleotides and
prostaglandins. However, none of these substances seems to
be solely responsible for exercise hyperemia (Snepherd,
1983). Recent reports also point to an important role in ti-e

beds of resistance veszels for "endothelium-derived relax-

ing factor” (EDRF), a vasoactive autocoid produced by the
vascular endothelium (Furchgott et al., 1987; Griffith et
al., 1987; Pohl et al., 1987). The second messengers

through which wvasoactive substances may relax arterioles of

skeletal muscle include cyclic 3’-5’-adenosine
monophosphate {cAMP), cyclic guanosine monophosphate
(cGMP), and prostaglandins. Vasodilatation induced by indi-
vidual pharmacological agents (e.g. papaverine,

nitroprusside) 1is often smaller than that achieved during
contractions elicited spontaneocusly or by electrical
stimulation (Laughlin, 1987; Laughlin and Rippetger, 1987;
Magaer, 1986 ). Since papaverine activates CAMP only

(Nichkerson, 1975) and nitroprusside cGMP only (Waldman




and Murad, 1987), further vasodilatation could have been ob-
taired with the infusion of a combination of drugs
(Laughlin, 1987). Adrenergic and nonadrenergic neuronal
cell bodies have been described in the walls of skeletal
muscle arterioles (Myers et al., 1975). These neurons, which
can be activated by shearing forces and changes in
transmural pressure assoclated with muscle contractions, may
contribute to exercise hyperemia by releasing a wvasadilator

mediator which has not yet been identified (Honig and

Frierson, 1976; Honlqg, 1979). However, this concept has not
been universally accepted (Shepherd, 13983). Muscle con-~
tractions could alsoc increase muscle blood flow, but this

hypothesis has received little attention.

It is well known that exercise can reduce muscle vascu-
lar conductance; for example, strong isometric contractions
elevate intramuscular pressure and mechanically compress
blood vessels (Hill, 1948). Blood flow can be partially or
totally occluded during sustained contractions. The exact
tension at which the obstruction takes place varies with
different muscles. In the calf, zustained forces of about 20
to 30% of that developed by a maximal voluntary contraction
{(MVC) are sufficient to occlude blood flow to the ankle
plantar flexors (Barcroft and Millen, 193%9). Hand-grip
muscles must exert 1sometric forces greater than 70% MVC in
order to arrest the circulation through the forearm
(Humphreys and Lind, 1963). In the canine diaphragm, Huzsain

et al. (198%9a) demonstrated that diaphragmatic blood flow is
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not occluded even when nearly maximal transdiaphragmatic
pressure is produced at a duty cycle of 0.5, compared with
tne normal 0.25 to 0.30.

The discrepancy between blood flow impedance in the
forearm, calf and diaphragm muscles may be explained by dif-
ferences in their anatomy. Howewzr, although the forearm and
calf muscles are pennate, the amount of tension necessary to
occlude blood flow to the forearm and calf muscles is sig-
nificantly different. The most likely explanation for this
discrepancy is that the blood vessels in the calf may be -
"nipped” (i.e. pinched) because of shortening and tautness
in the soleus and gastrocnemius muscles (Barcroft and
Millen, 1939; Barcroft, 1963). Arteriograms and venograms
performecd 1in maximally contracting calf muscles of dogs have
shown numerous localized compressions in both arteries and
veins as these vessels entered the muscle or passed between
muscle fasciculi (Gray et al., 1967). The thin sheet-like
diaphragm has a more favorable arrangement than other skel-
etal muscles. 1Its fibers insert over a wide area and are
parallel to one another. This fanning design reduces the

compression of the vasculature during contraction.

c. Outflow Pressure

In many studies, the venous pressure is taken as the
pressdre at the outflow end of the vascular bed. Rhythmic
muscular contractions repeatedly increase the pressure in

peripheral as compared to central veins and hence, repeat-




edly empty the peripheral veins toward the heart. This
mechanism has been referred to as the muscle or venous pump
and was first described in the 1940s (Barcroft and
Dornhorst, 194%9a). Since then a number of researchers have
examined the muscle’s capacity to promote central venous re-
turn. Pollack and Wood (1949) demonstrated that intermittent
contractions of the plantar flexors during walking could re-
duce the venous hydrostatic pressure at the ankle and
thereby enhance venous return. Barcroft and Dornhorst
(194%9b) reported that the ability of the calf muscles to re-
duce the calf volume was not affected by inflation of a
pressure cuff about the thigh during rhythmic exercise.
Stegall (1966) showed that the calf emptied equally well
whether rhythmic plantar flexion was performed with supine
subjects tilted 1in the head-down or head-up position. He
also reported that the muscle pump allowed the outflow of
venous blood from the exercising legs despite the resistance
caused by a substantial 1increase 1In intra-abdominal pres-
sure. Stegall calculated that the muscle pump could contrib-
ute at least 30% of the total systemic circulatory work re-
quired during running.

Very few studies have investigated the effects of the
muscle pump on local perfusion of muscle tissue. Wiggers, 1in
1954, analyzed phasic changes in coronary sinus flow before
and during procedures which altered myocardial contractility
and/or coronary resistance in anesthetized dogs. He fcund

that increases in systolic ventricular compression produced

00




higher venous cutflow than increments in diastolic wvascular
conductance. Wiggers concluded that myocardial contractions
aided flow through the heart by exerting a "massaging” (i.e.
pumping) action on vessels. He could not identify the
mechanisms underlying this action as metabolites were not
eliminated. This descriptive study was also limited by the
fact that, under certain procedures, the differences between
the increments in systolic and diastolic flow were small
and statistical significance cannot be established as the
number of dogs studied was not specified.

Hirche et al. (1970) compared the effects of rhythmic
and sustained contractions on the vascular resistance of
electrically stimulated gastrocnemius muscles of dogs. They
found that resistance increased significantly during sus-
tained contractions and was more marked during isometric
than 1isotonic contractions. During rhythmic electrical
stimulation there was no significant increase in resistance
for either type of contractions. Hirche et al. concluded
t' at rhythmic contractions did not affect resistance to flow
because of a "massage” effect on the wvessels. In their
study, the driving pressure was calculated as Pa-Pv-Pcrit
where Pa 1is the mean perfusion pressure, Pv the venous pres-
sure, and Pcrit the critical closing pressure. However, ei-
ther Pv or Pcrit should have been used as the outflow pres-
sure. Pcrit, the arterial pressure obtained by gradually
lowering flow to zero, was determined in only 4 of the 18

maximally vasodilated and resting gastrocnemii muscles and
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ranged from 9-11 mmHg. This value is lower than the 42.3

mmHg reported for the resting hindlimbs of dogs (Magder,
1990).

Folkow et al. (1970) investigated the effect of rhyth-
mic exercise on the blood flow to isolated feline calf
muscles. They showed that venous outflow increased sig-
nificantly during the contraction phase and venous pressure
decreased during the relaxation phase. They also found that
the extent of venous filling depended on the reduction of
venous pressure between consecutive contractions. This was
determined by the frequency and duration of mlscle contrac-
tions. For example, blood flow was limited during short re-
laxation periods because of inadequate venous filling time
and during prolonged relaxation periods because of a rise in
venous pressure prior to the next contraction. Similarly,
long duty cycles and high contraction frequencies recuce
diaphragmatic perfusion (Buchler et al., 198%). Other fac-
tors that enhance the venous pressure-lowering effect in-
clude the force of the contractions, the precontraction wvas-
cular volume, and the capacity and filling rate of the
venous bed. Folkow et al.’s results are limited because
maximal vasodilatation of the resistance vessels was
produced using only electrical stimulation. Thus, it 1is
possible that maximal vasodilatation was not attained and
vasodilator metabolites contributed to the ricse in flow.
Furthermore, the authors measured venods pre<ssure in a su-

perficial vein whereas venous compression should be greater
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in deeper muscle veins, as shown by Gray et al. (1967).
Folkow et al. also recorded higher pressures 1in the
femoral than small muscle veins which may seem contradictory
to the muscle oump theory. This negative gradient was prob-

ably caused by the venous valves.

2. THEORY OF THE MUSCLE PUMP

If the vasculature of skeletal muscle is characterized
by an arterial resistance followed by a compliant region
(veiules) and a wvenous resistance (Fig. 1a), then
Poiseuille’s equation for arterial blood flow can be ex-
pressed as Qa= (Pa~Pc)/Ra, where Pc is the pressure in the
compliant region. As a result, rhythmic muscle contractions
could increase muscle blood flow in the following way. The
contracting muscle will compress and empty the compliant re-
gion of the vasculature (Fig. 1b). This will produce some
retrograde flow but most of the blood should go out the
venous side because impedance 1is much less than on the ar-
terial side. During the relaxation phase, Pc decreases
whereas arterial pressure does not change (Fig. 1lc). Thus,
the gradient for inflow is transiently augmented and mean

arterial flow should increase.

3. CAVEAT
According to Poiseuille’s equation for arterial inflow,
flow should cease when arterial (Pa) and venous pressures

(Pv) are equal. However, numerous studies have invariably
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Figure . 1. Schematic drawing 1illustrating the muscle
vasculature with a compliant region between two resistances
(a). The gradient for inflow is the difference between the
arterial and compliant region pressures or Pa-Pc. During
muscle contractions the compliant region is compressed and
venous outflow is enhanced (b). During the relaxation phase,
the pressure in the emptied compliant region decreaszes and
as a result, the gradient Pa-Pc and thus inflow increases

markedly (c).
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shown that at zero flow Pa remains greater than Pv (Ehrlich
et al., 1980; Magder, 1990; Pappenheimer and Maes, 1942;
Sylvester et al., 1981; Whittaker and Winton, 1933; Yamada
and A<strom, 1959). Such findings could be due to a vascular
capacitance which <continues to discharge after arterial flow
is arrested and thus maintains Pa above Pv (Eng et al.,
1982; Spaan, 1985). These findings could also be caused by
small arterial wvessels acting as Starling resistors
(Magder, 1990).

Flow through a collapsible thin~walled tube, or Star-
ling resistor, 1s dependent on the difference in pressure
between the inside and outside of the tube. As discussed
previously, when the pressure inside 1is greater than that
outside the tube, flow is proportional to the gradient
P1-Po. However, when P1 is greater thzn the out-ide pressure
(Ps), and Ps is greater than Pg, flow 1s determined by
P1-Ps. Ps could be estimated by the arterial pressure at
zero flow calculated as the X-intercept of the pressure-flow
relationship (Pz=zo0). If Pz=o 1s greater than the pressure
in the compliant region, Pz=0 would become the effective
downstream pressure and Pa-(Pz=¢0) the gradient which moves
blood flow through the arteriolar bed (Fig. 2). Under these

conditions Pc would have no effect on flow.

4. RATIONALE FOR THE STUDY

Although the importance of the close matching of blood

el



Figure 2. Model of the muscle vasculature with a
precapillary Starling resistor. The pressure at the Starling
resistor (Ps) is always greater than in the compliant region
(Pc). Since the intravascular pressure is less than the
extravascular pressure, the vessel tends to collapse and the
gradient for inflow is the difference between arterial pres-
sure and Ps or Pa-Ps. Under these conditions, Pc has no ef-

fect on inflow.
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flow to the metabolic needs of the working muscle 1s well
recognized, the mechanisms of exercise hyperemia are not
well wunderstood. 1In particular, little attention has been
paid to the potential ability of muscle contractions to in-
crease blood flow i1ndependently of metabolic factors.

Results from earlier studies have supported the role of
a muscle pump in skeletal limb muscles but have failed to
establish and, more importantly, to gquantify its effect on
arterial inflow (Folkow et al., 1970; Hirche et al., 1970;:
Laughlain, 1987). Therefore, we decided to study the me-
chanical effect of isometric contractions on blood flow to
the gastrocnemius muscle.

None of the previous studies on the muscle pump was
carried out on the respiratory muscles. Resgpiratory failure
is an important c¢linical problem and occurs during
cardiogenic shock, septic shock or whenever blood flow fails
to meet the metabolic needs of the respiratory muscles
{(Aubier et al., 1981; Reid and Johnson, 1983; Viires et al.,
1983). Therefore, an understanding of exercise hyperemia 1in
the respiratory muscle s critical to the prevention and
treatment of respiratory failure. The diaphragm is the pri-
mary muscle of inspiration and since it is characterized by
structural, biochemical, physiclogical and functional prop-
erties that are different from those of other skeletal
muscles, it must be studied specifically (Rochester and
Briscoe, 1979, Rochester and Drash, 1985; Sant’Ambrogic and

Saibene, 1970). Furthermore, breathing is an automatic pro-
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cess elicited by impulses responding to sensors (e.g.
chemoreceptors and mechanoreceptors) and originating from
the respiratory centers 1n the brain stem and the central
pattern generator 1n the brain stem and spinal cord
(Feldman, 1986). As a result, the respiratory muscles are
the only skeletal muscles that contract spontaneously under
general anesthesia. In addition, the diaphragm has been con-
sidered to be two muscles, that is a crural and costal part
(De Troyer et al., 198l). These parts have been shown to
contract 1in seqguence during spontaneous breathing (Newman
et al., 1984). The sequential recruitment of muscle=s and
muscle fibers, as occurs in spontaneous contractionz, may be
associated with a better coordination of muscle activation
than the simultaneous recruitment which occurs during elec-
trical stimulation (Burke, 1981; Saltin and Gollnick, 1983).
Thus, the diaphragm is well sulited for a study of the
changes 1in blood flow during contractions occurring with a
natural pattern of recruitment and without the involvement
of autonomic nerve fibers that might be activated by elec-
trical stimulation (Honig and Frierson, 1976). Finally,
since the isolated hemidiaphragm preparation developed by
Hussain et al. (1989b) allows diaphragmatic shortening, the
effect of the muscle pump can be studied during pleiometric

(shortening) contractions.

S. HYPOTHESES OF THE STUDY

We tested the hypothesis that electrically induced con-

le




tractions of skeletal muscles will augment muscle blood flow
through a mechanical effect which 1is independent of
metabolic factors. We also hypothesized that an increase in
the frequency of contractions up to some optimal rate will
produce & rise in flow. Finally, our third hypothesis was
that muscle perfusion will be greater during spontaneous

than electrically elicited contractions because of a better

coordination of muscle activation.

17
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METHODS

1. ANIMAL PREPARATION

We anesthetized 20 mongrel dogs of either sex, weighing
25-41 kg, with chloralose (60-100 mg/kg) which was supple-
mented as necessary. Anestheslia was 1nitiated with either
ketamine (500 mg/ml, n=7) or thiopental (50 mg/ml, n=z=i4).
The animals were supine, intubated and mechanically venti-
lated at a frequency and tidal volume which kept PaC0Q: be-
tween 35 and 45 mmHg to suppress vent.latory activity. PaO2
was kept above 100 mmHg with supplemental 02 and 5 cm of
positive end-expiratory pressure (PEEP) was applied to main-
tain a normal functional residual capacity. The jugular vein
was cannulated for the administration of fluids and the com-
mon carotid artery was cannulated for the measurement of
systemic arterial pressure and withdrawal of blood samples
for hematocrit and blood gas analysis. In some dogs, infu-
sion of blood from a donor dog or 6% dextran solution in sa-
line was necessary to maintain adequate arteri1al pressure.
Core body temperature was kept at approximately 38°C with a

heating pad placed under the animal.

2. SURGICAL PREPARATION

a) Hemidiaphragm

The in-situ left isolated hemidiaphragm preparation de-
veloped by Hussain et al. (19896 ) was used 1n 1é dogs.

Briefly, the left lower six ribs and interspaces were ex-
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posed through a thoracotomy and the intercostal muscles were
incised. The epigastric and internal mammary arteries and
the intercostal vessels were ligated. The "ibs were resected
and the two halves of the coustal diaphragm were divided to
separate their vascular supply. The abdomen was opened by an
incision parallel to the left costal margin. The free left
costal margin was then secured to three 5 cm 1long metal
bars. These bars were connected through ball and socket
joints to three force transducers (Grass FT10) so that ten-
sion could be recorded from the anterior, middle, and poste-
rior diaphragmatic segments.The left phrernic artery was iso-
lated at 1its entrance into the left crural diaphragm and
cannulated. The left phrenic nerve was left intact so that
spontaneous contractions of the left diaphragm could still
occur. The diaphragmatic length was adjusted at Lrrec, the
length at functional residual capacity. This length was de-
termined by putting four reference marks on the diaphragm
while it was still intact. At the end of the experiments,
the length, weight, and cross-sectional areas of each seg-
ment were determined using techniques described previously
(Close, 1972; Hussain st al., 1989b).

b) Gastrocnemius Muscle

The right gastrocnemius was vascularly isolated in six
dogs through a medial incision extending from the mid-thigh
to the ankle (Stainsby et al., 1956). The right
gastrocnemius was exposed and “is distal tendon ligated and

cut. The popliteal artery and vein were isolated and all

19




branches except those supplying the gastrocnemius were dou-
bly ligated and cut between the ties. The completeness of
Lthe wvascular isolation was verified by stopping inflow and
outflow simultaneously (double occlusion technique) and
monitoring arterial and venous pressures which should
equilibrate and maintain a plateau during the 30-40 <
occlusion. The right shank was amputated and the hindleg was
placed vertically with a 90° angle at the hip joint. Short-
ening of the gastrocnemius was prevented by introducing a
pin through the head of the tibia and securing it against a
metal frame surrounding the dog’s hindguarters. The tendon
of the gastrocnemius was fastened to a force transducer
placed above the hindleg and mounted on a caliper which was
connected in turn to the metal frame. Thus, 1isometric ten-
sion could be recorded and muscle length adjusted. The
distal portion of the tibial nerve was cut and a silver
electrode attacted.

c) General Procedures

At the completion of each surgical preparation, blood
clotting was prevented by injecting 10,000 i.u. of heparin.
The isolated nuscle was wrapped with plastic film to prevent
heat loss and dehydration. Muscle temperature was recorded
by a thermocouple (Mon-a-Therm, St Louis, MO, USA) and kept
at approximately 35°C for the diaphragm and 38°C for the
gastrocnemius by heat lamps. At the end of each experiment,
the animal was killed with an overdose of potassium chloride

(KC1). The left diaphragm or right gastrocnemius was then

20

.




Pt

=,

removed and weighed. The portion of the gastrocnemius which
was weighed was determined by infusing Lissamine Green B8
(Sigma, L6382, 25 mg/100 kg) into the right popliteal artery
and resecting the stained area. This was done in two dogs
only as the area of perfusion was the same as that expected.
Force transducers were calibrated with 100-1000 g weights.

Tension was expressed in g/cm? or kg.

3. MEASUREMENTS

The phrenic artery was cannulated with a perfusion cir-
cuit as previously reported by Hussain et al. (1989b). Blood
was diverted from the left femoral artery to the phrenic ar-
tery through a line including a catheter placed in the
proximal portion of the left femoral artery, a Y connection,
an electromagnetic flow probe (Carolina Medical Electronics,
1.91 mm ID), a 15 cm-long polyethvlene tubing, and a cath-
eter introduced in the distal portion of the phrenic artery.
A side port was placed at the entrance of the catheter into
the phrenic artery for the measurement of phrenic perfusion
pressure. The other arm of the Y connection was secured, via
two three-way stopcocks and an extension, to an outflow
orifice at the bottom of a pressurized reservoir. The stop-
cocks were connected to a constant infusion pump (Harvard
Apparatus, model 940) for the administration of vasodilating
drugs. The reservoir was filled partially with blood deliv-
ered from the right femoral artery by a Masterflex pump

(Cole Palmer Instruments, model 7523-00). The other portion
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of the reservoir contained air at a pressure necessary to
maintain perfusion of the phrenic artery. The amount of
blood in the reservoir was hept at the lowest level pos-
sible to prevent the development of hypoxemic conditions. At
the beginning of each experiment, the patural flow of the
left hemidiaphragm was determined by perfusing it with blood
from the left femoral artery. The catheter introduced into
the left femoral artery was clamped thereafter, and the
diaphragm was perfused from the blood reservoir at constant
pressures.

The popliteal artery was cannulated with a line which
included a Y connection and electromagnetic flow probe (10
mm ID) connected to a catheter in the left femoral artery.
The perfusion circuit was similar to that of the left
hemidiaphragm. In addition, the popliteal vein Was
cannulated with a rigid plastic tube (6.35 mm) which con-
tained a side arm for the measurement of venous pressure and
was connected to a large bore tube draining in a container
through an electromagnetic flow probe (12 mm 1D). Venous
blood was then re-infused into the dog through the Jjugular
vein.

Each perfusion circuit was filled with the dog’s own
blood before it was connected. The flow probes were con-
nected to square-wave electromagnetic flowmeterz (Carolina
Medical Electronics). Zero flow levels were checked by a
brief mechanical occlusion of each circuit. The flowneter

measuring venous blood was calibrated with a stopwatch and a




graduated cylinder at the beginning of the experiments. The
flowmeters measuring arterial inflow were calibrated at the
end of the experiment by perfusing the ptrrenic or popliteal
artery with the Masterflex pump at a known flow rate. Blood
flow was expressed in ml/min/100g and was determined by av-
eraging the flow signal over the entire contraction and re-
laxation cycle. Maximal and minimal flows were also ob-
tained. Pressure transducers, force transducers and
flowmeters were connected to Hewlett-Packard preamplifiers
with the output registered on a Gould 8-channel recorder.
The signals were digitized manually or using a software

package (Anadat) on an IBM compatible computer.

4. ARTERIAL VASODILATATION

Adenosine (ADOD), acetylcholine (ACh) and sodium
nitroprusside (SNP) were simultaneously infused in the
perfusion circuit via the infusion pump in order to
vasodilate maximally the phrenic or popliteal artery. The
concentration required by each drug to produce maximal
vasodilatation was identified in preliminary experiments.
The doses of ACh, ADO and SNP averaged 1.43 + 0.41(SD)
mM/min, 1.43 % 0.41 mM/min and 114.75 * 32 ug/min in the
diaphragm and 2.31 * 1.05 mM/min, 2.31 * 1.05 mM/min, and
196.47 * 68.26 upg/min in the gastrocnemius. A  bolus of
indomethacin (3 mg/kg) was also injected in the jugular vein
to block the release of prostaglandins and, thus, rule out

their contribution to exercise hyperemia. Maximal



vasodilatation of the phrenic and popliteal artery was
verified by the absence of reactive hyperemia after a 20 s

flow occlusion.

5. MUSCLE CONTRACTION

Pleiometric contractions of the left hemidiaphragm were
elicited by electrophrenic stimulation or occurred spontane-
ously. Electrical stimulation was delivered by a well
insulated electrode placed around the left phrenic nerve and
connected wvia a Grass stimulus isolation unit (SIUS) to a
Grass Stimulator (S48). The phrenic nerve was paced with two
types of electrical stimulation presented in random order.
Each stimulation was applied for 60 s and was produced by
impulses of 0.2 ms duration at an intensity of 4-15 V. Re-
peated single twitches were elicited by impulses delivered
continuously at a frequency of 2-4 Hz at which no summation
occurred. Trains of impulses, in which single stimull were
delivered at a frequency of 25 Hz, were applied using a con-
stant duty cycle of 0.25 and train rates of 10-22/min. Spon-
taneous breathing was elicited by reducing the frequency and
tidal volume of the respirator and therefore allowing PCO2z
to rise from 31.0 * 3.8 to 39.9 * 4.4 mmHg.

Isometric contractions of the right gastrocnemius were
produced by electrically stimulating the tibial nerve with
repeated twitches, 20 and &60/min trains. Supramaximal volt-
age was first determined by gradually increaszing the voltage

with a single twitch. The optimal length (Lo) was then iden-
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tified using a single twitch at supramaximal voltage. The
parameters of electrical stimulation were the same as those
used 1in the diaphragm except for the voltage which was the
one needed to generate half the maximum tension (8.92 = 2.0

V) in order to reduce the effects of muscle fatigue.

6. EXPERIMENTAL PROTOCOL

After a 30 min stabilization period at the naturally
occurring flows, the left diaphragm or the right
gastrocnemius was perfused at constant pressure and
indomethacin was injected. The pressure-flow (P-Q) relations
were obtained by reducing the phrenic or popliteal perfusion
pressure in four to seven steps over a range of 150 to 50
mmHg. Measurements of pressure and flow were taken when a
steady state was achieved and the Fluctuations in flow due
to myogenic responses had occurred. Perfusion pressures were
not systematically increased from 50 to 150 mmHg because
steady state could not be achieved rapidly.

a) Hemidiaphragm

In one group of animals, the P-Q relations were exam-
ined in the diaphragm (n=16). First, 4-7 control P-Q points
were obtained from the phrenic artery of the resting
diaphragm while saline solution was infused through the
perfusion circuit at the same flow rate as during the drug
infusion. Maximal vasodilatation of the left phrenic artery

was then induced and maintained by constant infusion of the
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vasodilators. At each perfusion pressure, phrenic flow was
first measured 1in the resting vasodilated state and then
during electrical stimulation (nz12 for repeated twitches,
n=7 for trains). In spontanecusly breathing dogs (n=e),
since it was difficult to induce and stop breathing at each
pressure, P-Q relations were determined separately for each
condition. The P-Q relation for vasodilatation alone was ab-
tained before or after spontaneous diaphragmatic contrac-
tions. The P-Q relations with spontaneous contractions were
also always obtained before those with electrical stimula-
tion because the animals were allowed to breathe spontane-
ously as soon as the effect of the surgical anesthesia
started to wear off.

b) Gastrocnemius Muscle

The protocol was similar in a second group of animals

(n=¢) except that the right tibial nerve was electrically

stimulated. In each animal, a P-Q relation was first ob-
tained from the popliteal artery of the resting
gastrocnemius. When maximal vasodilatation of the popliteal

artery was achieved, the P-Q measurements were made first
during vasodilatation and then during twitches, 12/min  and
60/min trains (nz=6). Thus, as for the diaphragm, each run of
contractions had its respective vazodilatation measurements
to which it was compared. However, since the three electri-
cal stimulations were applied to all animals, only one con-
trol P-@ relation was obtained prior to the vasodilated and

contracting conditions.




7. DATA ANALYSIS

A linear regression was performed to analyze the
pressure-flow measurements for each dog during each condi-
tion, that is while the isolated muscle was (1) in the rest-
ing state, (2) maximally vasodilated before or after each
type of contraction, and, (3) contracting spontaneously
and/or with electrically induced twitches and trains. The
X-intercept of the least-squares line represents the arte-
rial pressure at zero flow (Pz=0) and the slope, the arte-
rial conductance in ml/min/100g/mmHg. Inflow at 100 mmHg was
also estimated from the regression equations. Data from the
resting state were only obtained to verify the effectiveness
of the drugs and were not included in the following
analyses. 1n the gastrocnemius, the slope, X-intercept and
inflow at 100 mmHg were compared using analyses of variance
for repeated measures. The Newman-Keuls test was then ap-
plied for post-hoc analysis of significant differences (p <
0.05). In the diaphragm, the same variables as above were
compared with paired t-tests corrected for multiple com-

parisons. Data are presented as means % standard deviations.
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RESULTS

1. HEMIDIAPHRAGM

The mean arterial blood pressure, Pa0z, and PaCOz aver-
aged 114.1 + 12.0, 170.4 *+ 128.1, and 32.4 + 5.3 mmHg, re-
spectively. The pH was 7.35 and hematocrit 44.2 + 6.9%. Rec-
tal and muscle temperatures were 37.5 * 1.4 and 35.5 *+ 1.4
°C, respectively. All these variables remained stable during
electrophrenic stimulation. During spontaneous contractions,
PaCOz rose from 31.0 * 3.8 toc 39.9 * 4.4 mmHg ( t= 4.31,
p < 0.01) but pH was essentially the same.

a) Resting State

The phrenic inflow at 100 mmHg, as estimated from the
regression equation, ranged from 4.7 to 37.5 ml/min/J}00g
with a mean of 12.07 + 5.18 ml/min/100g. Despite

autoregulatory mechanisms the P-Q relations in the resting
state (control) were still well fitted by a linear equation
(see Table 1).

b) Maximal Vasodilatation.

When maximal wvasodilatation was achieved, estimated
phrenic inflow at 100 wmmHg increased to 27.8 + 20.1
ml/min/100g. Although we attempted to eliminate all reactiv-
ity, some myogenic responses still remained. For example,
after 20 3 occlusion of the phrenic artery, inflow
increased by 2.1 x 2.4 ml/min/100g while phrenic pressure
declined by 15.0 + 10.0 mmHg. Since the reservolir and

venous pressures were unchanged, the fluctuations must rep-
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TABLE 1. REGRESSION PARAMETERS OF PHRENIC FLOW ON PRESSURE

Slope
ml/min/
100g/mmHg
TWITCHES
Control 0.32%0.19

Vasodilation 0.41+0.22

Contraction 0.40+0.22

12/MIN TRAINS
Ccontrol 0.27%0.12
vasodilation 0.38%0.26

Contraction 0.34+0.26

SPONTANEOUS BREATHING
Control 0.34%0.20
vasodilation 0.61%#0.52

Contraction 0.60+£0.44

Values are means + SD.

Y-intercept
ml/min/100g

-19.

-15.

-13.

-15.

-15.

-15.

54+13.

91+10.

62+ 7.

34+ 8.

33+19.

13+20.

80

88

22

67

31

The regression

culated by averaging the respective

obtaired in each animal from 4-7 data points.
significant decrease in the X-intercept during spontaneous

contractions with respect to the associated vasodilatation.

X p < 0.05

mmHg

57.08%10.5
39.95%16.48

36.03+16.06

55.31% 8.59
37.11+x28.32

38.95£33.93

60.07+t10.48
47 .35+t17.44

33.77+16 .82%

parameters were cal-

regression equations

There was a
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resent a decrease in arterial resistance.

c) Muscle Contractions

With repeated twitches (see Fig. 3a), tension averaged
244.6 * 137.0 g/em?2. There was a small elevation in
perfusion pressure associated with the rise 1n tension.
Phrenic inflow did not fluctuate with diaphragmatic contrac-
tion and relaxation but increased slightly. Since this
slight increase was evident in all animals, estimated mean
inflow at 100 mmHg was significantly greater (t=z 3.03, p -«
0.05) than during maximal vasodilatation (see Fig. 4). How-
ever, the slope and X-intercept of the P-Q relation did not
change (see Fig. 5 and Table 1).

When trains of impulses were applied, tension averaged
615.0 + 283.3 g/cm? and tended to be greater at higher
perfusion pressures. Figure 3b shows that inflow diminished
during tension development and returned to baseline during
the relaxation phase. In the group as a whole, inflow, as
compared to maximal vasodilatation, decreased by 58% during
the contraction phase and increased by 7% during relaxation
but mean estimated inflow at 100 mmHg did not change (Fig.
4) The slope and X-intercept of the P-Q relation also re-
mained the same, as shown by Figure S and Table 1.

During spontaneous contractions, tension averaged 201.5
+ 132.1 g/cmz and duty cycle 0.29 + 0.15. Figure Zc shows
that transients during spontanecus contractions were similar
to but smaller than those occurring during trains. However,

when compared with the baseline values, inflow increased by
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Figure 3. Example of reservoir (Pres) and perfusion (Pa)
pressures, phrenic inflow (Ga), and tension in the posterior
diaphragmatic segment (7). In (a8) and (b)), record begins
with the baseline during vasodilatation and the arrow repre-
sents the start of contraction. (a) 4 Hz twitches, (b)

10-22/min trains (25 Hz), and (c) spontaneous contractions.
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Figure 4. Mean phrenic inflow with twitches, trains, and
spontaneous contractions at 100 mmHg. Flows were calculated
from the regression eguations in Table 1 and were <1g-
nificantly greater during twitches and spontaneous contrac-
tions, as corpared with their respective vasodilatation.

¥ p < 0.05.
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Figure 5. Examples of phrenic pressure-flow relations from
three experiments. The X-intercept decreased significantly
(p < 0.05) during spontaneous contractions but not during

twitches or trains.




6% and the X-intercept decreased by 16.9% during the con-
traction phase. During the relaxation phase, these
changes were even more marked and the average increase
was 27% for inflow (t = 5.12, p 0.0%) and the de-
crease 56% for the X-intercept (t = 5.40, p < 0.05).
Consequently, mean estimated inflow at 100 mmHg (Fig. 4) in-
creased significantly (£t = 3.70, p < 0.05) and the
X-intercept of the mean P-Q relation was also markedly
lowered (t = 4.09, p < 0.05). However the slope remained un-

changed (Fig. 5 and Table 1).

2. GASTROCNEMIUS MUSCLE

The mean arterial vlood pressure, Palz and PaCOz were
106.1 % 11.9, l69.1 * 30.4, and 36.8 * 4.8 mmHg, respec-
tively. pH and hematocrit averaged 7.35 and 44.2 * 6.9% and
rectal and muscle temperatures were 39.3 * 0.8 and 37.0 *

0.4°C, respectively.

a) Resting State

Popliteal arterial flow ranged from 1.0 to 7.1
ml/min/100g with a mean of 3.9 * 2.3 m1/min/100g. As for the
diaphragm, the control P-Q relations remained linear (Table
2).

b) Maximal Vasodilatation

The inflow in the maximally vasodilated gastrocnemius
averaged 17.9 * 6.4 ml/min/100g. As in the diaphragm,
myogenic reactivity was not totally aboliched. Double-

occlusion of the popliteal artery and vein was followed by a
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TABLE 2. REGRESSION PARAMETERS OF POPLITEAL FLOW ON PRESSURE

Slope Y-intercept X-intercept r
ml/min/ ml/min/100g mmHg
100g/ mmHg
Control 0.07%£0.05 - 3.03% X.22 46.53+12.49 0.93
TWITCHES
Vasodilation 0.27x0.13 - 8.46t 8.21 32.43*13.96 0.94
Contraction 0.28+0.14 - 8.91% 8.33 33.55*11.93 0.95

12/MIN TRAINS

Vasodilation 0.33+£0.24%*% ~13.26%17.28 34.27t23.98 0.89

Contraction 0.31+0.22 -11.32+213.94 35.13*16.72 0.88

60/MIN TRAINS

Vasodilation 0.32+0.23% -11.08%217.02 20.31%245.10 0.86

Contraction 0.27+0.20 - 7.40%12.32 19.43%25.04 0.90

Values are means + SD. The regression parameters were cal-
culated by averaging the respective regression equations
obtained in each dog from 4-7 data points. Slopes increased
significantly during vasodilatation preceding 12 and 60/min
trains than during that preceding twitches. However, there
was no change in the slopes during any of the contractions.

* p < 0.05, XX p < 0.01.
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rise 1in arterial flow of 2.4 * 2.2 ml/min/100g associated
with a 16.5 + 9.9 mmHg drop in perfusion pressure

c) Muscle Contractions

Maximal tension generated by a single twitch at Lo was
2.5 1.5 kg. When the tibial nerve was stimulated with re-
peated twitches (4 Hz), tension averaged 1.2 * 0.3 kg and
mean inflow remained constant (Fig. o). The P-Q relations
during twitches and the preceding vasodilatation were essen-
tially the same (Fig. 7).

During 12 and 60/min trains, tension averaged 6.1 * 2.4
and 4.4 * 1.6 kg, respectively. During 60/min trains, ten—
sion decreased rapidly within each run and with decreasing
perfusion pressures. Figure 8 shows an example of the venous
flow which rose rapidly with the onset of contraction,
reached a minimum at the beginning of relaxation and in-
creased slowly thereafter. The contraction-relaxation
transients of arterial flow were -41 and +24% for 12/min
trains and -29 and +15% for 60/min trains. Estimated mean
inflow at 100 mmHg remained the same during both train rates
(Fig. 6). Similarly, the X-intercept and slope of the P-Q

relations during 12 and 60/min trains were not different

from maximal vasodilatation (Fig. 7).



TWITCHES

24

Qa (mI/min/ 100g)

S0/MIN TRAINS

vasodilation Vasacdilation
+Contraction

Figure 6. Mean popliteal inflow at 100 mmHg with twitches,
12 and 60/min trains. Flows were calculated from the re-
gression equations in Table 2. There were no significant
changes 1in flow between contractions and their respective

baselines.
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Figure 8. An example of perfusion pressure (Pa), arterial

(Qa) and wvenous (Qv) flows, and tension (T7) in the
gastrocnemius muscle. During muscle relaxation, arterial in-
flow did not increase very much despite the large emptying

of the venous segments during the contraction phase.
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DISCUSSION
The main observation in this study is that the muscle
pump has no effect on blood flow during tetanic trains and

increases inflow slightly during spontaneous contractions.

1. Maximal Vasodilatation

An  important assumption in this study was that the
vasculature was maximally vasodilated prior to muscle con-
tractions.

a) Choices of Drugs

We induced vasodilatation by maximally activating the
CAMP pathway with adenosine, the cGMP pathway with
nitroprusside and acetylcholine, and EDRF with acetylcholine
(Waldman and Murad, 1987). We also injected indomethacin to
block the prostaglandin pathway. Hypoxia, which is a potent
vasodilator (Reid and Johnson, 1983), was not used because
of 1its detrimental effect on tension development and pos-
sible depression of the ACh-induced relaxation (Furchgott
and Zawadzki, 1980).

b) Evidence of Maximal Vasodilatation

Estimated flow at 100 mmHg increased by 130 and 35%9% in
the wvasodilated diaphragm and gastrocnemius, respectively.
The increase was much greater in the gastrocnemius than in
the diaphragm because of the lower popliteal inflow during
the resting state. The marked rise in both the phrenic and

popiteal inflow indicates that the drugs had a <significant
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vasodilating effect on the vasculature. Furthermore, trains
of impulses which markedly increased tension did not augment
mean 1nflow. The fact that no further vasodilatation was
produced by endogenously released metabolites suggests that
maximal relaxation of the resistance vessels was actually
achieved in both muscles. This was also supported by the
fact that the slope of the P-Q relations obtained during the
relaxation phase of trains and/or spontaneous contractions
was the same as that during maximal vasodilatation.

Although the reactive hyperemia following arterial or
double occlusion could have been produced by unidentified
vasodilator metabolites, it is probable that a myogenic re-
sponse was elicited by the reduction in perfusion pressure
(Johnson et al., 1976; Kontos et al., 1965; Tuma et al.,
1977). This myogenic effect, which persisted despite maximal
vasodilata- tion, could have been activated by indomethacin.
Recently, Hill et al. (1990) showed that second-order
arterioles distended passively in response to 1i1ncreased
intravascular pressure but constricted markedly when exposed
to cyclooxygenase inhibitors. Hill et al. (1990) concluded
that indomethacin potentiates myogenic responses in skel-

etal muscle arterioles.

2. MUSCLE CONTRACTION

a) Muscle Tension

As previously discussed, muscle tension is one of the

factors influencing the effectiveness of the muscle pump.
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Hussain et al. (198%9b) demonstrated that electrophrenic
stimulation at 25 Hz produced diaphragmatic tension
equivalent to 70% of the maximal tension at 100 Hz. Thus, we
can assume that the relative tension developed 1in our
hemidiaphragm preparation was high. In the gastrocnemius,
the reduction 1in flow during the contraction phase was
lower than in the diaphragm and suggests that the relative
tension generated by the gastrocnemius was also much lower.
However, the contraction phase of tetanic trains was associ-
ated with significant compression of both the phrenic and
popliteal vasculaturez, as indicated by the marked inhibi-
tion of inflow. Thus, the tension generated by both muscles

was adequate for a muscle pump effect to be produced.

b) Type of Contraction

Repeated twitches at 4 Hz were not expected to affect
inflow because of the small duration of the contraction
phase, as l1llustrated by the lack of contraction-relaxation
transients in the flow records (see Fig. 3a). The augmenta-
tion in mean phrenic inflow may have been a recult of
diaphragmatic shortening which diminishes vascular resis-
tance (Supinski et al., 1986). The difference in the anatomy
of the diaphragm and gastrocnemius could be responsible for
their different responses to twitches. For ex<ample, the fan-
ning design of the diaphragm could have produced less com-
pression of the vasculature than the gastrocnemius muszcle.
However, differences in the types of muscle fibers could not

contribute to this discrepancy since in the dog, both the
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diaphragm and gastrocnemius muscles consist of 50% high
oxidative slow-twitch fibers and 50% high oxidative
fast-twitch fibers (Armstrong et al., 1982).

Tetanic trains did not affect phrenic or popliteal flow
because the increase in flow during the relaxation phase was
insufficient to compensate for the large inhibition during
the contraction phase. This was probably due to the large
tension generated.

When spontaneous contractions were induced, blood flow
was actually increased during the contraction phase. This
affect could have been potentiated by the low tension gener-
ated, the sequential contractions of the crural and costal
diaphragm (Newman et al., 1984) and muscle shortening which
probably averaged 8% of Lrrc (Newman et al., 1984). The in-
crease in PaCOz during spontaneous contractions could have
also contributed to the rise in flow. This 1s unlikely, how-
aver, since pH remailned unchanged and C0z2 has no specific
effect in the skeletal muscles of animals (Shepherd, 1983).
Other metabolites can also be ruled out since none were re-
leased during the trains of impulses.

c) Frequency of Contractions

When 60/min trains were applied, the rise in flow dur-
ing the relaxation phase was more limited than during 12/min
trains. This could be attributed to the smaller duration of
the relaxation phase at higher contraction rates (Buchler et
al., 1985). However, mean inflow remained essentially the

same during either 10-22/min or 60/min trains.
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3. PREVIOUS PREPARATIONMNS

Cur findings are in agreement with those of Hirche et
al. (1970) who showed that mean resistance to flow remained
unchanged when isometric or isotonic rhythmic contractions
were elicited in the 1isolated maximally vasodilated
gastrocnemius. Folkow et al. (1970), using the same prepara-
tion, found that mean blood flow increased during rhythmic
contractions of the gastrocnemius. They demonstrated that
the pressure in the compliant region decreased markedly
during the relaxation phase and concluded that the iincrease
in driving pr2ssure was responsible for the rise in flow.
However, they produced maximal vasodilataLtion with a seriec
of muscle contractions and thus failed to rule out the con-
tribution of metabolites to the increased blood flow. No
previous studies have investigated the effect of the muscle

pump on diaphragmatic blood flow.

4. FATLURE OF THE MUSCLE PUMP THEORY

Our hypothesis was that muscls contractions would in-
crease muscle blood flow by causing changes in the pressure
of the compliant region (Fig. la). We expected that during
the contraction phase, the venules would be squeezed and
venous flow augmented (Fig. 1b). Thus, during the relaxation
phase, the pressure in the emptied compliant region (Pc)
would be markedly decreased and the gradiznt Pa-Pc and thus
arterial flow, significantly increased (Fig. 1c). Qur re~

sults show that although outflow was large during tetanic
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trains, inflow remained essentially the same (Fig. 8). These
findings could be explained on the basis of a precapillary
Starling resistor (Fig. 2), which may be present in the
arterioles of skeletal muscle (Magder, 19%0).

We estimated the pressure at the Starling resistor (Ps)
by extrapolating the P-@Q relation to zero flow and deter-
mining the pressure intercept (Pz=0). Since at low perfusion
pressures phrenic and popliteal inflows were very low, the
error in estimating Ps should be small. The high values ob-
tained suggest that Pz=o remained greater than Pc during
contractions either elicited spontaneocusly or by trains of
impulses. Thus, Pz=0 was the effective downstream pressure
and the equation for arterial inflow should have been
Qaz(Pa-(Pz=0))/Ra (Permutt and Riley, 1963). Since Ra and Pa
were essentially unchanged in our experiments, Qa was depen-
dent on Pz=¢g. When both muscle preparations were stimulated
with tetanic trains, Pz=o0 and thus Qa remained the same.
During spontaneous contractions of the diaphragm, there was
a significant drop in Pz=¢ which produced a 20% rise in
phrenic Qa at 100 mmHg, as compared with the maximally
vasodilated state. The decline in Pz=0 was most probably
caused by the low tension developed, the sequential activa-
tion of the crural and costal parts and diaphragmatic short-
ening. Hypercapnia may have also been a contributing factor
(Early et al., 1974).

In conclusion, skeletal muscle contractions produce

only a modest increase in blood flow. This failure of the
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muscle pump mechanism could be due to the presence of a
Starling resistor mechanism which is above the venous com-
pliant region and does not allow changes in venous pressure

to affect flow into the muscle.
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CONCLUSION

The muscle pump has been thought to play an important
role 1in exercise hyperemia but its effect has not yet been
quantified (Folkow et al., 1970; Hirche et al., 1970;
Laughlin, 1987; Wiggers, 1954). This study has contributed
to the existing body of knowledge by demonstrating that the
muscle pump has no effect on blood Fflow during tetanic
stimulation of maximally vasodilated muscle preparations
and only a small effect during spontaneous contractions.

Changes in the duration, freguency or tension of iso-
metric contractions markedly changed the pressure in the
compliant region of the popliteal vasculature but had no ef-
fect on arterial flow to the gastrocnemius muscle. In ad-
dition, although some myogenic reactivity remained and
endogenous metabolites were probably released during elec-
trical stimulation, these potential confounding factors had
no influence on inflow.

In the diaphtragm, repeated single twitches and sponta-
neous contractions produced a 9 and 20% rise in flow, re-
spectively, as compared with the maximally vasodilated
state. When these changes were compared with the resting
state, they averaged 17 and 64%, respectively. However,
these numbers should be 1nterpreted with caution as they can
only be estimated. It would be ideal to measure the me-
chanical effect of muscle contractions on resting blood flow

but this is impossible as metabolites would be released im-
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mediately. The rise in phrenic inflow during twitches was
probably enhanced by diaphragmatic shortening. Further stud-
ies are necessary to determine whether greater Jdiaphragmatic
shortening would have produced a greater increment 1n arte-
rial flow. During spontaneous contractions, in addition to
muscle shortening, low tension development and sequential
recruitment of the costal ana crural parts probably fa-
cilitated bplood flow. Tt is possible that chloralose pre-
vented a further augmentation in flow as it has been shown
to potentiate simultaneous activation of phrenic motoneurons
during the first one third of the inspiration phase (Hilaire
and Monteau, 1979; Iscoe et al., 1976; St. John and
Bartlett, 1979). On the other hand, the elevation of PacO;
could have aided arterial inflow. All these factors seem to
have contributed to the exercise hyperemia by significantly
reducing the arterial pressure at zero flow or Pzzo. How-
ever, despite this lowering effect, Pz=o0 remained elevated
and was most probably the effective downstream pressure.

In contrast to our hypothesis, this <study indicates
that the muscle pump mechanism can potentiate muscle inflow
by changing Pz=0 rather than the pressure in the compliant
region (Pc). Hence, although the compression of the compli-
ant region during muscle contractions counteracts venous
distension caused by gravity and facilitates venous return
to the heart (Pollack and Wood, 194%), it does not influence
arterial inflow to skeletal muscle. Furthermore, since Pz:o

is greater than Pc, the gradient Pa-(Pz=¢0) is smaller than




A

priy

FEEY

Pa~Pc.

increase

contract

As a result,

the extent to vthich arterial inflow can

during the relaxation phase of rhythmical muscle

ions is less than we expected.
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