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ABSTRACT 

To determlne whether muscle contractions can increase 

muscle blood flow independently' tram metabolh, factors, we 

isolated the diaphragmatic vasculature of 16 anesthetired 

and mechanically ventilated dogs. Phrenic inflow (Qph;') was 

controlle-:l with a consta.nt pressure source> and U·~ pressure 

(P.) wa.s decreased in steps to obta.in t,he pressur"-flow re-

lation (p-Q). rhe vasculature was maximally vasoa 1 1ated and 

contractions occurred spontaneously (n=6) or were i~duced by 

twit:ches (n=12, Ot' tet.?nic trains (n=7). The P-Q relations 

with contractions were compared to those with vasodi:3tation 

alone. With spontaneous contractions, the pressure in;ercept 

decreased fronl 4 7 .35 ± 17.44 ta 33.77 ± 16.82 mmHg (p <: 

0.05) and the slope remained unchanged sa that at Pa=lOO 

mmHg, Qphr 

ml/min/100g 

increased from 36.22 ± 34.85 ta 43.91 ± 

(p < 0.05). Flow increased slightly 

38.22 

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. 

i i 



RESUME 

Afin de determiner si les contr3ctions muscuL.:lÏr'es 

augmentent le flu~ arterlel musculaire inde~end~mment de 

facteu s metaboliques, on a isole les V31sse1U~ 

du diaphragme de 16 chiens anesthésies et venti les 

mécaniquement. Le flux artériel phrénique (Qphr) a ete 

contrôlé par une source de pression constante et on .. 1. 

diminué la pression (Pa) par étapes pour determiner les r8-

lations pression-flux (p-Q). On a vasodilate 183 vaisseau~ 

au maximum et in,::Iuit des contractlons diaphragmatiques 

spontanément (n=6), par des S8cousses re~etees (n=12) ou 

des trains d'impulsions tétaniques (n::7). Les relations P-Q 

obtenues lors des co~tractions ont été comparees ct celles 

obtenues lors de la vasodilatation seulement. Pendant les 

cont ract ions spon tanees . Qph r a Pa:: 100 mmHg a augme n té de 

36.22 ± 34.85 à 43.91 ± 38.22 ~1/min/l009 (p <0.05). Qphr a 

augmencé légèrement avec les secousses mais pas avec les 

t:'ains d'impulsions. On a aussi induit des secousses et des 

trains d'impulsions dans des jumeaux isulés (n=b) malS )e 

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

effet modeste sur le flux artériel musculaire. 

l l l 
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LITERATURE REVIEW 

The objective of the present study was ta determine 

whether muscle contractions çan 1ncrease b lood f 101.'11 to 

skeletal muscle by squeezJng blood ouL of the vesseis and 

thus acting as a muscle pump. 

1. BLOOD F~OW TO SKELETAL MUSCLE 

Blood flow lS the volume of blood which passes each 

minute through an organ or a tissue and is expressed in 

I/min or ml/min/100g tissue. In resting mammalian s~eletal 

limb muscles. blood flow is approximately 2-5 ml/min/100g, 

and 5-52 ml/mln/100g Ir") in s.it_u 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 ta more than 300 ml/min/100g in humans and 

conscious animaIs, and reaches up to 263 ml/min/100g in i~ 

si tu muscle preparations (Andersen and Saitin, 1985; 

Armstrong and Laughlin, 1985; Armstrong et al., 1987; Grimby 

et ~l., 19b7; Hilton et aL, 1970; Lind and McNichol, 1967; 

Rowell et al., 1986). In animaIs, diaphragmatic blood flow 

ranges from 9 to 42 ml/min/100g during quiet s~ontaneous 

breathing and increases to 15-207 ml/min/100g during 

inspiratory resistive loading, 169-333 ml/min/100g during 

treadmill running. and 70-265 ml/mln!lOOg 

electrophrenlc stimulation (Hrmstrong and LaughIin, 

du ring 

1985; 

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

1 
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1985; Manohar, 1986; Mush et al., lQS7; Robertson et al .. 

1977a, 1977b; Rochester and Betti.ni 

Pradel-Guena, 1973). 

1 9 70; Roches te t' . .:\nt"j 

The high variability of measurements of peak blood flow 

to skeletal muscles in these studies ca~ ~e accounted for by 

differences in species, surgical and muscle prepa~ations. 

types of muscle flbers studied, workloads used, percentage 

of the active muscle m.'\ss, training sta.tes of the nluscles. 

and techniques employed for meas~ring blood flow. Fu t--

thermore, there has be~n a marked v3riation between studies 

in the values of the determlnants of blood flow. Accotding 

to Poiseullle's law, the flow of f!uid through a t igld Lube 

is determined by the drlving pressure and the conductance of 

the tube. Small collapsible arterlal vessels functlon as 

rigid tubes when the difference between the pressures Inside 

and outslde the vessel (tran .... -·ural pre",sure) is positive 

throughout the vascular bed. Under these conditions, the 

Equation for arterial blood flow (Oa) is: 

Qa=(Pr-Po) )< liRa 

where PI and Po are the pressures at the inflow and outflow 

ends of the vascular bed, respectively, dnd lIRa is muscle 

vascular conductance (the reciprocal of arterial resistance) 

measured at a given PI (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 muscle vascular 

bed is the arterial or perfusion pressure. Under resting 



conditions, blood flow i5 independent of chdnges between 40 

and 120 mmHg ln perfusion pressvre due to autors:Julatlon 

(Hussain et al.. 1(}88; Stalnsby, 196:::; Slainsoy dnd Kenkin, 

1961) . ~utoregulatlon i5 usuall/ expl~ined by metabolic or 

myogenic mechanlsms (Bacchus et al., 1981; Folkow, 1964; 

Folkow and Oberg, 19b1; Goodman et al., 1978; Johnson, 

1980; Mohrman and Sparks, 1974; Smiesko, 1 9 71; Stainsby, 

1961). The metabolic hypothesis attributes changes in vascu-

lar re5istance to the release of tissue metabolites trig-

gered by physiologlcal alterations in blood flow. The 

myogenic theory attrlbutes 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; Reid and Johnson, 

1983) . Thus, differences between studies in the perfusion 

pressure used could contribute to the disparity in the 

"maximal blood flow" reported (Folkow and Halicka, 1968; 

Hilton et dl., 1970). Investigators often use "maximal blood 

flow" to describe the peak flow obtained during a series of 

experiments. The term "m3.ximal·· implies a unique value rep­

resenting the highest flow possible. However, due to the re-

lationship between perfusion pressure and bluod flow, i t is 

only possible ta measure a true maximal blood flow under a 

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



capacity" is more appr'opriate (laughlln, lQ87). 

b. Muscle Vascular Conductance 

Conductance 

ml/min/100g/mmHg. 

15 in 1/min/mmH9 01 

The conductance of a tube 15 prcport1~nal 

to the fourth power of the radius of the tube and 15 in­

versely proportional ta the length of the tube and the vis-

cosity of the fluid. Under normal physiolog1cal condltions, 

the hematocrit and the length of the blood vessels are con-

stan t. Thus, a change in conductance usually result5 from a 

change in the radius of the v35culature (Green, 1987). Since 

direct measurement of the radius i5 difficult, muscle vascu­

lar conductance is calculated as the ratio of ,nuscle blood 

flow to the driving pressure. 

Numerous studies indicate that blood flow to skeletal 

muscle increases during exerClse (Andersen and Saltin, 1985; 

Armstrong et al., 1987; Manohar, 1986; Robertson et al., 

1977b). In sj~u studies have shown that the highest conduc-

tances in fast-twitch glycolytic muscles are obtdLned durlng 

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; Macl.:ie 

and Terjung, 1983). The conductances achleved ln high oxida­

tive muscles are even greater duri~g contracLlons generated 

by na tu raI lmpulses (whlch will be r~ferred to 3'3 

"spontaneous" contr-actions) than eleclrlcal st lfnu lat ion 

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



The mechan1sms of the increased arterial perfusion in 

body tissues dur1ng exercise (exercise hyperemia) are not 

yet known. It 15 generaJly accepted that active sKeletal 

muscles release metabol1tes which produce vasodilatation of 

resistance vesseis and Increase blood flow proportionally to 

the metabolic demands (Barcroft, 1964; Shepherd, 1983). The 

list of potent1aI metabolic vasodilators is extensive and 

includes hypoxia, carbon dioxide, hydrogen-ion concentra-

tion, lactlc aC1d, potassium, inorganic phosphate, 

osmolarity, adeno":>lne, adenine nucleotldes and 

prostag]andins. However, none of these SUbstances seems to 

be solely responsible for exercise hyperemia (Snepherd, 

1983). Recent reports also point to an important role in t:'e 

beds of resistance vesseis for "endothelium-derived rela><­

ing factor" (EDRF) , a vasoactive autocoid prodllced by the 

vascular Endothelium (Furchgott et al., 1987; Griffith et 

al. , 1987; Pohl et aL, 1987) . The second messengers 

through which vasoactive substances may relax arterioles of 

skeietai muscle inciude cyclic 3' -5' -adenosine 

monophosphate (CAMP), cyclic guanosine monophosphate 

(cGMP), and prostaglandins. Vasodilatatlon induced by indi-

vidual pharmacological agents (e.g. papaverine, 

nitroprusside) is often smaller than that achieved during 

contractions elicited spontaneously or by electrical 

stimulation (Laughlln, 

Magde r , 1986) . Si nce 

1987; Laughlin and Rippélger, 1987; 

papaverine activates 

(NicKerson, 1975) and nitroprusside cGMP only 

cAMP only 

(Waldman 

5 



and Murad, 1987), further vaso~ilatation could have been ob­

tained 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 activaled by shearing forces and changes ln 

transmural pressure associated with muscle contractions, may 

contribute to exercise hyperemia by releasing a vasodilator 

mediator which has not yet been identified (Honig and 

Frierson, 1976; Honig, 1979). However, this concept has nol 

been universally accepted (Shepherd, 1983). Muscle con-

tractions could also increase muscle blood tlow, but this 

hypothesis has received little attention. 

It is weIl known that exercise can reduce muscle vascu­

lar conductance; for e~ample, strong isometric contractIons 

elevate intramuscular pressure and mechanically compress 

blood vesseis (Hill, 1948). Blood flow can be partially or 

totally occluded during eustained contractions. The exact 

tension at which the obstruction takes place varIes with 

different muscles. In the calf, sustained forces of about 20 

to 30% of that developed by a maxImal voluntary contraction 

(MVe) are sufflcient to occlude blood flow to the ankle 

planta, flexors (Barcroft and Millen, 1939). Hand-grlp 

muscles must exert Isometric forces greater than 70% Mve in 

order to arrest the circulation through the farearm 

(Humphreys and Lind, 1963). In the canlne diaphragm, Hu~sain 

et al. (1989a) demonstrated that diaphragmatic b 100d Flow is 

o 
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not occluded even when nearly maximal transdiaphragmatic 

pressure is produced a~ a dut y cycle of 0.5, compared with 

the 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. HOWe\.2r, 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 d1fferent. The most likely explanation for this 

discrepancy 1s that the b]ood vessels in the calf may be -

" nipped" (i. e. pinched) because of shortening and tautness 

in the soleus and gdS t rocnemi us musc les (Barcrof t and 

Millen, 1939; Barcroft, 1963). Arteriograms and venograms 

performed in 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-

e~al muscles. Its fibers insert over a wide area and are 

parallel to one anothe r. This fanning design reduces the 

compression of the vasculature during contraction. 

c. Outflow Pressur~ 

In many studies, the venous pressure is taken as the 

pressure 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-

l 



edly empty the peripheral veins tm"ard the heal"t. This 

mechanism has been referred to as the muscle or venous pump 

and was first dec;cribed in the 1940s (Barcroft and 

Dornhorst, 1949a) . Since then a number of researchers have 

examined the muscle' s capaci ty to promote central venous re­

turn. Pollack and Wood (1949) demonstrated that intermittent 

contractions of the plantar flexors during walking couJd re­

duce the venous hydrostatic pressure at the anUe and 

thereby enhance venous return. Barc rof t and Dornho rs t 

(1949b) t'eported that the abllity of the calf muscles ta re­

duce the calf volume was not affected by inflation of a 

pressure cuff about the thigh during rhythmic exer'cise. 

Stegall (1966) showed that the calf emptied equally well 

whether rhythmic plantar flexion was performed with supi ne 

subjects tilted in the head-dm\jn or head-up position. He 

al~o repo r ted tha t the musc le pump allowed the ou t f low of 

venous blood from the exercising legs despite the resistance 

caused by a substantial increase in intra-abljominal pres' 

sure. Stegall calculated that the muscle pump couIc:! contrib­

ute at least 30% of the total systemic circulatory work re­

qui t-ed during running. 

Very few studies have investigated the effects of the 

muscle pump on local perfusion of muscle tissue. Wiggers, in 

1954, analyzed phasic changes in coronary sinus flow before 

and during procedu res which al tered myoca rdial contracti l i ty 

and/or coronary resistance in anesthetized dogs. He found 

that increases in systolic ventricular compression produced 

8 
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higher venous outflow th~,n increments in diastolic vascular 

conductance. Wiggers concluded that myocardial contractions 

aided flow through the heart by e.><srting a massaging (i.e. 

pumping) action on vessels. He could not identi fy the 

mechanisms underlying this action as metaboli tes were not 

el i mina ted . 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 s tudied was not speci fied. 

Hi rche et al. (1970) compa red the effects of rhythmic 

and sustained contractions on the vascular resistance of 

electr ically stimu la ted gastrocnemius muscles of dogs. They 

found that resistance increased significantly during sus-

tained contractions and was more marked during isometric 

than isotonic contractions. During rhythmic electrical 

stimulation there was no significant increase in resistance 

fa r ei the r type of cont ractions . Hi rche et al. concluded 

t' 3t rhythmic contractions did not affect resistance ta flow 

because of a massage effect on the vessels. In their 

study, the driving pressure was calculated as p('l-Pv-Pcri t 

where Pa is 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 out"flow pres-

sure. Perit, "Che arterial pressure obtained by gradually 

lawering flow to zero, was dete rmi ned in onl y 4 of the 18 

maximally vasodi lated and resting gastrocnemii muscles and 
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ranged from 9-11 mmHg. This value i5 lower than the 4'2.3 

mmHg reported for the resting hindlimbs of dogs (Magder, 

1990) . 

FoU<ow et al. (1970) investigatpd the etfect of rhyth-

mic exercise on the blood flow to isolated feline cal f 

muscles. They showed that venous outflow increased sig-

ni f icantly du ring the cont raction phase and venous pressu re 

decreased during the relaxation phase. They a1so found that 

the extent of venous filling depended on the reductlon of 

venous pressure between consecutive contractions. This W3S 

determined by the frequency and duration of mL 3c1e contrac-

tions. For example, blood flow was limited during short re-

laxation per iods because of inadequate venous filling time 

and during prolonged relaxation periods because of a rise in 

venous pressure prior to the next contractIon. Similar1y, 

long du ty cycles and high contraction frequencies reduce 

diaphragmatic perfusion (Buchler et al., 1985). Other fac-

tors that enhance the venous pressure-lowering effeet In-

clude the force of the contractions, the precontr-aetion vas-

cular volume, and the capaeity and fi11ing rate of the 

venous bed. Folkow et al. 's results are limited because 

maximal vasodilatation of the resistanee vessels was 

produced using only electrical stimulation. Thus, it is 

possible that maximal vasodilatation was not attained anrJ 

vasodilator metabo1ites contributed to the rise in flow. 

-.. Fu r thermore, the authors measured venoo..Js pressure in a su-

perficial vein whereas venous compression should be greater 
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in deeper muscle vei ns, as shown by Gray et al. ( 1967) . 

Folkow et al. also recorded higher pressures in the 

femoral than small muscle veins which may seem contradictory 

to the muscle pump thaory. 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 campliant region 

and a venous resistance (Fig. la), 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 vas cu la tu re (Fig. lb). Thi s will produce sorne 

retrograde flaIN but most of the blood should go out the 

venous side because impedance is much less than on the ar-

terial side. During the relaxation phase, Pc dec reases 

whereas arterial pressure does not change (Fig. lC). 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 venOU5 pressures 

(Pv) are equal. However, numerous studies have invariably 
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a. 

.... Pc 

b. 

c. 
" 

Schematic drawing illustrating the muscle 

vasculature with a compliant region between two resistances 

(a). Tr.e gradient for inflow is the di fference between the 

arterial and compliant region pressures or Pa-Pc. Du ring 

muscle contractions Lhe compliant regian 15 compressed and 

venous outflow is enhanced (b). During the relaxat10n phase, 

the pressure in the emptied compliant region decreases and 

as a resu l t, 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., 1'=180; ""lagder, 1990; Pappenheimer and Maes, 1942 ; 

Sylvester et al .. 1981; Whittaker and Winton. 1933 ; Yamada 

and ~strom. 1959). Such findings could be due to a vascular 

capacitance which sontinues 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 vessels acting as Starling resistors 

(Magde r, 1990). 

Flow through a collapsible thin-walled tube, or Star-

ling resistor, is dependent on the dlfference in pressure 

between the inside and outside of the tube. As discussed 

previously, when the pressure inside is greater than that 

outside the tube, flow is proportional 

• 
to the gradient 

PI-PO. However, when PI is greater than the out-ide pressure 

(Ps ) , and Ps is greater than Po, flow is determined by 

PI-PS. Ps could be estimated by the arterial pressure at 

zero flow calculated as the X-intercept of the pressure-flow 

relationship (Pz=o). If Pz=o is greater than the pressure 

in the compliant region, Pz=o would become the effective 

downstream pressure and Pa-(Pz=o) 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 

13 
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f j.g~.L§l.. __ ~ . 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, 

fect on inflow . 

Pc has no ef-

14 
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flow to the metabolic needs of the working muscle is well 

recognized, the mechanisms of exercise hyperemia are not 

well understood. In particular, little attention has been 

paid to the potential ability of muscle contrar.tions to in-

crease blood flow independently of metabolic factors. 

Results from earlier studies ~ave supported the role of 

a muscle pump in skeletal limb muscles but have failed to 

establish and, more importantly, to quantify its effect on 

arterial inflow (Folkow et al., 1970; Hirche et al., 1970; 

Laughlln, 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. Respiratory failure 

is an important clinical problem and occu rs during 

cardiogenic shock, septic shock or whenever blood flow fails 

ta mee t the metabol ic needs of the respiratory muscles 

(Aubier et aL, 1981; Reid and Johnson, 1983; Viires et al., 

1983). Therefore, an understanding of exercise hyperemia in 

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, physiological 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'Ambrogio and 

Saibene, 1970). Furthermore, breathing is an automatic pro-



cess elicited by impulses responding to sensors (e.g. 

chemoreceptors and mechanoreceptors) and originating From 

the respiratory centers ln the brain stem 3nd the central 

pattern generator in the braln stem and splnal cord 

(Feldman, 1986). As a result, the respir'atory muscles ar'e 

the on1y skeletal muscles that contract spontaneously undet" 

general anesthesia. In addition, the diaphragm has besn con­

sidered to be two muscles, that is a crur.;ü and co'st,cd part 

(De Troyer et al., 1981) . These parts have been shown ta 

contract in sequence during spontaneolJs br-eathing (Newman 

et al .• 198~). The sequential recr"uitment of muscle':, dnd 

muscle fibers, as occurs in spontaneous cantraction3. may be 

associated with a better coordination of muscle activation 

than the simultaneous recruitment which occurs during elec­

tr:cal stimulation (Burke, 1981; Saltin and Gollnick. 198.3). 

Thus, the diaphragm is well suited for a study of the 

changes in blood flow during contractions occurrin~ with a 

natural pattern of recruitment and without the involvement 

of autonomic nerve fibers that might be activated by elec­

trical stimulation (Honig and Frlerson, 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. 

5. HYPOTHESES OF THE STUDY 

We tested the hypothesis that electrically induced con-

lb 
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tractions of skeletal muscles will augment muscle blood flow 

through a mechanical effect which is independent of 

metabolic factors. We aiso hypothesized that an increase in 

the frequency of contractions up to some optimal rate will 

produce a 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 ot either sex, weighing 

25-41 kg, with chloralose (60-100 mg/kg) which was supple­

mented as necessary. Anesthesia was Initiated with either 

ketami.ne (500 mg/ml, n=7) or thiopental (50 mg/ml, n::14). 

The animaIs were supine, intubated and mechanically venti­

lated at a frequency and tidal volume which hept PaC02 be­

tween 35 and 45 mmHg to suppress vent~latory activity. Pa02 

was kept above 100 mmHg wi th supplemental 0: and 5 cm of 

positive end-expiratory pressure (PEEP) WdS 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 ta maintain adequate arterlal pressure. 

Core body température was kept at approxlmately 38°C with a 

heating pad placed under the animal. 

2. SURGICAL PREPARATION 

a) Hemidiaphragm 

The in-situ left isolated hemidiaphragm preparation de-

velopeJ by Hussain et al. (1989b) was used ln 16 do,.Js. 

Briefly, the left lower six ribs and interspaces were e~-

18 
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posed through a thoracotomy and the intercostal muscles were 

incised. The epigastric and internaI mammary arteries and 

the intercostal vessels were ligated. The "ibs were resected 

and the two hdlves of the c0sta] diaphragm were divided to 

separate their vascular supply. The ~bdomen was opened by an 

incision parallel to the left costal margin. The free 1eft 

costal margin was then s6cured to three 5 cm long metal 

bars. These bars were connected thro~gh baIl and socket 

joints ta three force transducers (Grass FTI0) so that ten-

sion could be recorded from the anterior, middle, and poste-

r ior diaphragma. t ic segmen ts. The lef t ph rer,ic a r te ry was iso-

lated at its entrance into the left crural diaphragm and 

cannulatej. The left phrenic nerve was left intact so that 

spontaneous contractions of the left diaphragm could still 

occur. The diaphragmatic length was adjusted at LFRC, the 

length at functional residual capacity. This length was de-

termined by putting four reference markS on the di~phragm 

while it was still intact. At lhe end of the experiments, 

the length, weight, and cross-sectional areas of each seg-

ment were determined us~ng techniques described previously 

(Close, 1972; Hussain et 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 W,3S e-x,posed and ;:..:::. distal tendon ligated and 

eut. The popliteal artery and vein were isolated and aIl 
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branches ex~ept those supplying the gastrocnemius were dou-

bly ligated and cut between the ties. The completeness Of 

the vascular isolation was verifled by stopping inflow and 

outflow simultaneously (double occlusion technIque) and 

moni tOI ing arteria1 and venous pressu res !.'..t)ich should 

equilibrate and maintain a plateau durlng the 30-40 s 

occlusion. The right shank was amputated and the hIndleg was 

placed vertically with a 90 Q 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 agalnst a 

metaI frame surrounding the dog's hindquarters. The tendon 

of the gastrocnemius !.'..as fastened to a force transducer 

placed above the hindleg and mou~ted on a caliper which was 

connected in turn to the metal frame. Thus, isometric ten-

sion could be rccordea 3nd muscle length adjusted. The 

distal portion of the tibial nerve was eut and a sllver 

Electrode attact,ed. 

c) Gê"eral ProceduIes 

At the completion of each surgical preparation, blocd 

clotting was prevented by injecting 10,000 i.u. of heparin. 

The isolated muscle was wrapped with plastic film to prevent 

heat 1055 and dehydration. Muscle temperature was recorded 

by a thermocouple (Mon-a-Therm, St Louis, MO, USA) and kept 

at approximate]y 35°C for the diaphragm and 38°C for the 

gastrocnemius by heat lamps. At the end of each e~periment, 

the animal was killed with an overdose of potassium chloride 

(KCl). The 1eft diaphragm or right gastrocnemius was then 
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removed and weighed. The portion of the gastrocnemius which 

was weighed was determined by infusing Lissamine Green 8 

(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 calibrdted with 100-1000 9 weights. 

Tension was expressed in g/cm 2 or kg. 

3. MEASUREMENTS 

The ph renie 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 ph renie 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, 

J.91 mm ID), a 15 cm-long pOlyethylene 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 infus~on 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 amaunt of 

blood in the reservoir was kept at the lowest level pos-

sible to prevent the development of hypoxemic condltion~. At 

the beginning of each experiment, the natural flow of the 

left hemidiaphragm was determined by perfusing it wlth blood 

from the left femordl artery. The catheter introduced into 

the left femoral artery was clamped thereafter, and the 

diaphragm was perfused fram the blood reservoir at constant 

pressu res. 

The pop1itea1 artery was cannulated with a line which 

inc1uded a y connection and e1ectromagnetic f10w probe (10 

mm ID) connected to a catheter in the 1eft femoral artery . 

The perfusion circuit was similar to that of the left 

hemidiaphragm. In addition, the poplitea1 vein was 

cannulated with d 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 ID). Venous 

blood was then re-infused into the dog through the jugular 

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 flowmeters (Carolina 

Medical Elec t ronics) . Zero flow levels were checked by a 

brief mechanical occlusion of each circuit. The f lowmeter 

measuring venous blood was calibrated with a stopwatch and a 
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graduated cylinder at the beginning of the experiments. The 

flowmelers measuring ~rterial inflow were calibrated at the 

end of the experiment by perfusing the p~renic 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 signaIs were digitized manually or using a software 

package (Anadat) on an IBM compatible computer. 

( 4. ARTERIAL VASODILATATION 

Adenosine (ADO), acetylcholine (ACh) and sodium 

nitroprusside (SNP) were simultaneously infused in the 

perfusion circuit via the infusjon pump in order to 

vasodilate maximally the phrenic or popliteal artery. The 

concentration required by each drug ta produce maximal 

vasodilatation was identified in preliminary experiments. 

The doses of ACh, ADO and SNP averaged 1.43 ± O.41(SD) 

mM/min, 1.43 ± 0.41 mM/min and 114.75 ± 32 ~g/min in the 

diaphragm and 2.31 ± 1.05 mM/min, 2.31 ± 1.05 mM/min, and 

196.47 ± 68.26 ~g/min in the gastrocnemius. A bolus of 

indomethacin (3 mg/kg) was aiso injected in the jugular vein 

to black the release of prostaglandins and, thus, rule out 

( their contribution to exercise hyperemia. Maximal 



vasodilatation of the phrenic and poplitea1 artery was 

verified by the absence of reactive hyperemia after a 20 s 

flow occlusion. 

5. MUSCLE CONTRACTION 

Pleiometric contractions of the 1eft 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 dnd 

connected via 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 sand 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 

oscurred. Trains of impulses, in which single stimuli were 

delivered at a frequency of 25 Hz, were applied using a con­

stant dut y 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 PC02 

ta rise from 31.0 ± 3.8 ta 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. Supramaxima1 volt-

age was first determined by gradually increasing 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 in the diaphragm except for the voltage which was the 

one needed ta 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 

occurring flows, 

gastrocnemius was 

the left diaphragm 

perfused at constant 

or 

the naturally 

the right 

pressure and 

.indomethacin was injected. The pres'5ut'e-flow (P-Q) relations 

were obtained by reducing the phrenic Ot popJiteal 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 animaIs, 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 

25 
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vasodilators. At each perfusion pressure, phrenic flow was 

first measured in the resting vasodilated state and then 

du ring 

n=7 for 

electrical stimulation (n=l~ for repealed twitches, 

trains). In spontaneously breathlng dogs (n=b), 

since it was difficult te induce and stop breathing at each 

pressure, P-Q relations were determined separately for each 

condition. The P-Q l'slation fot' vasodllatation alone was ob­

tained before or after spontaneeus diaphragmatic contr3c­

tiens. The P-Q relations with spontaneous contractions were 

also al ways obtained before these wlth electrical stimula­

tion because the animaIs were allowed to breathe spontane­

ously as saon as the effect of the surgical anesthesia 

started te wear off. 

b) Gastrocnemius Muscle 

The protocol was similar in a second group of animaIs 

(n=6) except that the right tibial nerve was 

stimulated. In each animal, a P-Q relation was 

electrically 

fi r'3 t ob-

tained from the popliteal artery of the re·~ting 

gastrocnemius. When maximal vasodilatation of the popliteal 

artery was achieved, the P-Q measurements were made first 

during vasodilatation and then during twitches, 12/mi n and 

60/min trains (n=6). Thus, as for the diaphragm, each run of 

contractions had its respective vasodilatation measurements 

to which it was compared. However, since the three electri-

cal stimulations were applied to aIl animaIs, on 1 Y one con-

trel P-Q relation was obtained prior to the vasedi1ated and 

contracting conditions. 
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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 statè, (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 CPz=o) 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 

resLing state were only obtained to verify the effectiveness 

of the drugs and were not included in the following 

analyses. ln 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 CP < 

0.05). In the diaphregm, the same variables as above were 

compared with paired t-tests corrected for multiple com-

parisons. Data are presented as means ± standard deviations. 



RESULTS 

1. HEMIDIAPHRAGM 

The mean arterial blood pressure, PaOz, and PaC02 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 

oC, respectively. AlI these variables remalned stable during 

electrophrenic stimulation. During spontaneous contractions, 

PaC02 rose from 31.0 ± 3.8 ta 39.Q ± 4.4 mmHg ( t= 4.31, 

P < 0.01) but pH was essentially the same. 

a) Resting State 

The phrenic inflo~ at 100 mmHg, as estimated from the 

regression equation, ranged from 4.7 to 37.5 ml/min/JOOg 

with a mean of 12.07 ± 5.18 ml/min/100g. Despite 

autoregulatory mech~nisms the P-Q relations in the resting 

state (control) were still weIl fitted by a linear equation 

(see Table 1). 

b) Maximal Vasodilatation_ 

When maximal vasodilatation was aChieved, estimated 

phrenic inflow at 100 mmHg increased to 27.8 ± 20.1 

ml/min/100g. Although we attempted to elimlnate aIl reactiv-

ity, some 

after 20 

increased 

declined 

myogenic responses still remained. For example, 

inflow s occlusion of the phr0nl~ 3rtery, 

by 2.1 ± 2.4 ml/min/100g while 

by 15.0 ± 10.0 mmHg. Since the 

phrenic pressure 

reservoir and 

venous pressures were unchanged, the fluctuations must rep-



TABLE 1. REGRESSION PARAMETERS OF PHRENIC FLOW ON PRESSURE 

--------------------------------------------------------------------------------------------------------------------
Slope 

ml/mini 
lOOg/mmHg 

Y-intercept 
ml/min/1009 

X-intercept 
mmHg 

r 

--------------------------------------------------------------------------------------------------------------------
TWITCHES 

Control 0.32±0.19 -19.54±!3.30 57.08±lO.5 0.96 

Vasodilation 0.41±0.22 -15.91±10.80 39.95±16.48 0.96 

Contraction O.40±0.22 -13.62± 7.88 36.03±16.06 0.96 

12/MIN TRAINS 

Control 0.27±0.12 -15.34± 8.22 55.31± 8.59 0.98 

Vasodilation 0.38±0.26 -15.33±19.67 37.11±28.32 0.94 

Contraction 0.34±0.26 -15.13±20.31 38.95±33.93 0.93 

SPONTANEOUS BREATHING 

Control 0.34±0.20 -22.08±17.27 60.07±10.48 0.97 

Vasodilation 0.61±0.52 -24.85±17.66 47.3S±17.44 0.98 

Contraction 0.60±0.44 -16.31±11.37 33.77±16.82* 0.98 
--------------------------------------------------------------------------------------------------------------------

Values are means ± SD. The regression parameters were cal-

culated by averaging the respective regression equations 

obtaired in each animal from 4-7 data points. There was a 

significant decrease in the X-intercept during spontaneous 

contractions with respect ta the associated vasodilatation. 

* p < 0.05 
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resent a decrease in arterial resistance. 

c) Muscle Contractions 

W i th repea ted tw i tches (see Fig. 3a), tens ion ave r~"\ged 

244.6 ± 137.0 g/cm 2 . Thet-e was a small elevation in 

perfusion pressure associated with the rise ln tenSIon. 

Phrenic inflow did not fluctuate with diaphragmatic contrac­

tion and relaxation but increased slightly. Since this 

slight increase was evident in aIl animaIs, es t ima ted mean 

inflow at 100 mmHg was significantly greatet' (t:: 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 2 and tended to be greater at higher 

perfusion pressures. Figure 3b shows that inflow dimlnished 

during tension development and returned ta baseline during 

the relaxation phase. In the group as a whole, inflow, 0.'5 

compared to maximal vasodilatation, decreased by 58% during 

the contraction phase and increased by 7% during rela~ation 

but mean estimated inflow ~t 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 5 and Table 1. 

During spontaneous contractions, tension averaged 201.5 

± 132.1 g/cm2 and dut y cyc]e 0.29 ± 0.15. Figure 3c shows 

that transients during spontaneous contractions were similar 

ta but smaller than those occurring during trains. Howeve r , 

when compared with the baseline values, inflow increased by 
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fj.g~.!!·~ .. __ ~. Example of reservoir (Pres) and perfusion (Pa) 

pressures, phrenic inflow (Qa), and tension in the posterior 

diaphragmatic segment CT). In (a) and (b), record begins 

with the baseline during vasodilatation and the arrow repre-

sents the start of contraction. Ca) 4 Hz twitches, (b) 

lO-22/min trains (25 Hz), and (c) spontaneou5 contractions. 
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* p < 0.05. 
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6% and the X-intercept decreased by 16.q~ during the con­

traction phase. During the relaxation phase, these 

changes were even more marked and the average increase 

was 27% for inflow Ct = 5.12, P 0.05) and the de-

crease 56% for the X-intercept Ct = S.40, P , 0.05). 

Consequently, mean estimated inflow at 100 mmHg (Fig. 4) 1n­

creased significantly Ct = 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 remainad un­

changed (Fig. 5 and Table 1). 

2. GASTROCNEMIUS MUSCLE 

The mean arterial blood pressure, Pa02 and PaC02 were 

106.1 ± 11.9, 169.1 ± 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 ml/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/lOOg. As in the diaphragm, 

myogenic reactivity was not totally abolished. 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 

ml/mini 
100g/mmHg 

Y-intercept 
ml/min/l00g 

X-intercept 
mmHg 

r 

----------------------------------------------------------------------------------------------. -------------------------

Control 0.07±O.05 - 3.03± 3.22 46.53±12.49 0.93 

TWITCHES 
--------

Va.sodi lation 0.27±0.13 - 8.46± 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 
-------------
Vasodi lation 0.33±0.24** -13. 26±17. 28 34.27±23.98 0.89 

Contraction 0.31±0.22 -11. 32± 13.94 35. 13±16. 72 0.88 

60/MIN TRAINS 
-------------
Vasodi lation 0.32±0.23* - 11 . 08± 1 7 .02 20.31±45.10 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 oata 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, ** P < 0.01. 
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rise in arterial flow of 2.4 ± 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 twi tches (4 Hz), tension averaged 1.2 ± 0.3 kg and 

mean inflow remained constant (Fig. b). The P-Q relations 

during twitches and the preceding vasodilatation were essen­

tially the same (Fig. 7). 

During 12 and 60/min trêl~ns, tension averaged 6.1 ± 2.4 

and 4.4 ± 1.6 kg, respectively. During 60/min trains, ten­

sion decreased rapidly within e~ch 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 

transients 

slowly 

of 

thereafter. The contraction-rela~ation 

arterial flow were -41 and +24?6 fat' 12/min 

trains and -29 and +15% for 60/min trains. Estirnated Ifledn 

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) . 
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DISCUSSION 

The main observation in this study lS that the muscle 

pump has no effect on blood flow during tetanlC trdins 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 its detrimental eFfect on tension development and pos­

sible depression of the ACh-lnduced relaxation (Furchgott 

and Zawadzki, 1980). 

b) Evidence of Maximal Vasodilatation 

Es tirna ted f low a t 100 mmHg i nc reased by 130 arld 359% in 

the vasodilated 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 phrenlc dnd 

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 lnflow. The fact that no further vasodilatation was 

produced by endogenously released metabolites suggests that 

maximal relaxation of the resistance vesseis was actually 

achieved in both muscles. This was a]so supported by the 

fact that the siope of the P-Q relations obtained during the 

relaxation phase of trains and/or spontaneous contractions 

was the Same as that durlng 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 Increased 

intravascular pressure but constricted markedly when exposed 

to cyclooxygenase inhibitors. Hill et al. (1990) concluded 

that indomethacin potentiates myogenic responses in skel-

etaI 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. 



Hussain et al. (1989b) demonstrated that electrophrenic 

stimulation at 25 Hz produced diaphr'agma tic tension 

equivalent to 70% of the maximal tension at 100 Hz. Thus, we 

can assume that the relative tension developed in our 

hemidiaphragm preparation was high. In the gastrocnemius, 

the reduction in 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 w~s aSSOCl-

ated with significant compression of bath the phrenic ~nrl 

popliteal vasculature3, as indicated by the marked inhibl-

tion of inflow. Thu5, the tension ~enerated by bath muscles 

was adequate for a muscle pump effeet 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 illustrated by the lack of contraction-rela~ation 

transients in the flow records (see Fig. 3a). The augmenta-

tion in mean phrenic inflow may have been a result of 

diaphragmatic shortening which diminishes vascular resis-

tance (Supinski et 0.1.,1986). The difference in the anataruy 

of the diaphragm and gastrocnemiu5 cauld be responsible for 

their different respanses ta twitches. Far e~dmple, the fdn-

ning design of the diaphragm could have produced less com-

pression of the vasculature than the Ja~trocnemius muscle. 

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). 

Tetanie trains did not affect phrenic or popliteal flow 

because the increase in flow during the relaxation phase was 

insufficient to compensa te 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 

effect 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"'6 of LFRC (Newman et al .• 1984). The in­

crease in PaC02 during spontaneous contractions could have 

also contributed to the rise in flow. This is unlikely, how­

ever, since pH remained unc~anged and C02 has no specifie 

effect in the skeletal muscles of animals (Shepherd. 1983). 

Other metabol i tes can also be ruled out sinee none were re­

leased during the trains of impulses. 

c) Freguency of Contractions 

When 60/min trains were applied, the rise ln 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., However, mean inflow remained essentially the 

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

Our findings are in agreement with those of Hirche et 

aL (1970) who showed tha t mean res i stance to flow rem.:1Ï ned 

unchanged when isometric or isotonic rhythmic contrJctions 

were eliclted jn the isolated maxlmally \i.?\sod i la ted 

gastrocnemius. Folkow et al. (1970), uslng the sarn8 prepar.;\--

tian, found that mean blood flow increased during rhythmic 

contractions of the gastrocnemius. They demonstrated thdt 

the pressure in the compliant region decreased markedly 

during the relaxation phase and concluded that the increase 

in driving pr?ssure was responsible for the ri~e in flow. 

However, they produced maximal vasodilataLion with a series 

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 diaphragmatlc blood flow. 

4. FAILURE OF THE MUSCLE PUMP THEORY 

Our hypothesis was that muscle 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 venu les would be squeezed and 

venous flow augmented (Fig. lb). Thus, :lunng the n::laxation 

phase, the pt-essure in the emptied compIlant region (Pc) 

would be mar~edly decreased and the gr3dl~nt Pa-Pc and thus 

arterial fIow, significantly increased (Fig. lC). Our re­

sults show that although outflow was large during tetanic 
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trains, inflow remained essentially the 5ame (Fig. 8). These 

findings could be e><plained on the basis of a precapillary 

Starling reé:.istor (Fig. 2), which may be present in the 

arterioles of skeletal muscle (Magder, 1990). 

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=o). Since at low perfusiun 

pressures phrenic and popliteal inflows were very low, the 

error in estimating Ps should be 5mall. The high values ob-

tained suggest that Pz=o remained greater than Pc during 

contractions either elicited spontaneou5ly or by trains of 

impulses. Thus, Pz=o was the effective downstream pressure 

and the equation for arterlal inflow should have been 

Qa=(Pa-(Pz=o»!Ra (permutt and Riley, 1963). Since Ra and Pa 

were essentially unchanged in our experiments, Qa was depen-

dent on Pz=o. When both muscle preparations were stimulated 

with tetanic trains, Pz=o and thus Ga remained the same. 

During spontaneous contractions of the diaphragm, there was 

a significant drop in Pz=o which produced a 20% rise in 

ph renie Qa at 100 mmHg, as compared with the maximally 

vasodilated state. The decline in Pz=o was most probably 

caused by the low tension developed, the sequential activa-

tion of the crural and costal parts and diaphragmatic short-

enin9. Hypercapnia may ha~e 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 



·-, muscle pump mechanism could be due to the presence of 

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. 

• 



47 

( CONCLUSION 

The muscle pump has been thought to play an important 

role in exercise hyperemia but its effect has not yet been 

quantified (Folkow et al., 1970; Hirche et al., 1970; 

Laughlin, Wiggers, 1954). This study has contribut~d 

to the existing body of knowledge by demonstrating that the 

muscle pump has no effect on blood flow during tetanic 

stimulation of maximally vasodilated muscle preparations 

and only a small effect durlng spontaneous contractions. 

Changes in the duration, frequency 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 jnflow. 

In the diaphragm, 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 lnterpreted with caution as they can 

only be estlmated. It would be ideal to measure the me-

{ 
chanjcal effect of muscle contractions on resting blood flow 

but this is impossibJe as metabolites would be released im-



mediately. The rise in phrenic inflow during twitches was 

probably enhanced by diaphragmatlc shortening. Further stud­

ies are necessary to determine whether greater Jiaphragmatic 

shortening would have produced ~ greater increment ln ~rte-

rial flow. During spontaneous contractions, in .3.ddi tion to 

muscle shortening, low tension development and sequentl.:d 

recruitment of the costal ana crural pArts prob3bly fa­

cilitated blood flow. It is possible that chlor3lose pre­

vented a further augmentation in flow as it h~s b8sn shown 

to potentiate simultaneous activation of phrenic motoneurons 

during the first one third of the inspiration phase (Hilaire 

and Monteau, 1979; l scoe et al., 1976; St. John and 

Bartlett, 1979). On the other hand, the elevatlon of PaC02 

could have aided arterial inflow. AlI these factors seem to 

have contributed to the exercise hyperemia by significantly 

reducing the arterial pressure at zero Flow or Pz=o. How-

ever, desplte this lowering effect, Pz=o remained elevated 

and was most probably the effective downstream pressure. 

In contrast to our hypothesis, this study indlcales 

that the muscle pump mechanism can potentiate muscle inflow 

by changing Pz=o rather than the pressure in the compliant 

region (Pc). Hence, although the compression of the com~li­

ant region during muscle contractions counteracts venous 

distension caused by gravit y and facilitates venous return 

to the heart (Pollack and Wood, 1949), it does not influence 

arterial inflow te skeletal muscle. Furthermere, sinee PZ;Q 

is greater than Pc, the gradient Pa-(Pz=o) is smaller than 
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Pa-Pc. As a result. the extent ta ~Jhich arterial inflow can 

increase during the relaxation phase of rhythmical muscle 

contractions is less than we expected. 
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