
occlus ion of the aortic root, sufficient to raise left ventr icu
lar systol ic pressu re substantiall y, has litLle effect on left 
ventricular end-d iastolic diameter in healthy consciou · 
dogs. However, after general anesthesia, the same stimu
lus causes the heart to dilate, and when the pressure load is 
maintained for one minute, ca rdiac size return towa rd 
control level - that i , the so-call ed Anrep effect i mani
fest. This eff ct, which is easil y demon trated in the isolat
ed heart or in anesthetized animal , is difficult to discern 
and apparently not important in circulatory regulation in 
con cious animals with low spontaneous heart rate . 

Thus, ge ne1·al anesthesia affects the base-l ine tate of 
cardiac function, t he distribution of regional blood flow 
and, the response to a change in card iac frequency , pre
load, afterload and, particularly, imegrative circulaLOr)' 
control, as occurs with stimulation of barorecepwrs. T he 
responses to a variet}' o f ph )' iologic or pharmacologic in
terventions may thus be rad ically different in the p re. e nce 
and absence of anesthe ·ia. Any interve ntion that alters 
blood-flow distribution , the extent of baroreceptor t imu
lation , cardi ac frequency, preloacl or afterload necessarily 
induces different respon es in the con ciou and anesthe
tized states . 

The profound- influence of gene.-al anes thes ia on circu
lato ry function i · also apparent when compari on are 
made of the 1·esponses of cons iou and anesthetized ani
mals to the administration of identical closes of common 
cardiovascular pharmacologic agents. 

DIGITALIS G LYCOSIDES 

The clin ical usefulness of digita lis glyco ·ides i well 
known, and numerous stud ies of thei1· posi tive inotropic 
effects have been conducted in isolated ca rdiac mu de, in 
isolated hearts and in anesthetized animal prep·trations. 
T hese studies indicate that even in the nonfailing hean, 
ca rdiac glycosicles exert a powerfu l positive ino1 ropic ac
tion . Myocardial contractility, as measured b)' the strain 
gauge arch , clP/dt or the velocity of myocardial-fiber 
shortening, has been shown lO increa e from 50 to 100 per 
cent in these studies. However, when ouabain was admin
istered to normal conscious dogs, myocardial co111ractilit)' 
rnse only slight!}', approximately 20 per cenc. 10 Like the 
force-frequency· relat ion , the rel ativelr 111ino1· potency of 
cardiac glycosicles in the conscious an imal seem· to be re
lated to the higher base-line level of myocardial contractil
iry in the heart of the normal conscious animal , that i not 
depressed by a general anesthetic and by the su1·gical ma
nipulations necessary to implant the mea Lffing devices. 
ln the same anima ls, myoca1·dial depression was induced 
acutely, by genera l anesthe ia or in the conscious stale by 
large doses of propranolol , or chronically, after right
sided heart fail ure was caused by progres. ive severe 
pulmonary stenosis . When identica l closes o f ouabain 
were admi nistered the powerful positive inotropic effects 
of the cardiac glycosicle were manifest. These obse1·vations 
indicate that general anesthe ia can profoundly alter the 
inotropic action of drugs. 

T he diffe1·en t magnitudes of the inotropic responses 
el icited by ouaba in in conscious and anesthetized animals 
may explain , in part, the differing effects of the drug on 

the coronary bed . v\lhen heart rate was maintained con
stant in the conscious an imal, ouaba in e licited substantial 
coronary vasoconstriction; in the same an imal unde r the 
influe nce of pe ntobarbital anes thesia this effect d id not oc
cur. Apparently, the greater inotropic re ponse to I he 
drug in the anesthetized animal induced a mor profound 
augmentation of myocardia l oxygen demand than oc
curred in the consciou · dog and therefore was re ponsib le 
for a greater ·t imulus LO metabol ic coronary va odi lata
tion, wh ich opposed and prevented the expression of the 
dire t coronary con u·ictor effect. 

wclie inane Lhetizccl p1·eparation · have d monstra1-
ecl that cardiac g lrco ide consu·ic1 . }'St m i va cu lar bed 
other than th oronary beds in ani1m1ls without hean 
[ailLll"C; seve ral studie have ugge ·tecl that the vaso on-
triction i most intense in the mesemeric b cl . However, 

in the conscious animal, ouaba in licits ub. ta111ial mesen
teric vasodilatation , which Gl n b · blocked b , au·opine. 
Thu , the re ·ponse of on ciou and ane thetized ani
mal to many stimuli cliffc1· quantitatively and in rhi in
stance, qua litatively as well - that is, ouabain induce 
me enteric dilatation in con ·cious animals, whe1·ea 111 -

tense con triction is ob erved in ane thetized animal ·. 

SYMPATHOMJMETIC AMINES 

The re pon e of the coronary va · ular bed LO norepi
nephrine i another example of a qualitati ly different 
action in conscious and an thetized an imals. This mt -
cholamin i known to po e a pow rful alpha-adr ner
gic timu lati ng action that on tri ct ves e l that uppl · 
the kidney, planchnic vi ·cera and skeletal mu ·cle. How
ever, it has been held that nm·epinephrine induces on! • di 
lata tion in the corona ry vascular bed, b au e o f it b ta
adrenergic-stimulating eff ton m}'ocardi al on1 1·ac1 ility, 
which in rea e m>•oca rdi al OX}'gen con um 1 ti 11 and di
lates the coronary bed on a met·~bolic bas i ·. It has b en 
demonstrated thaL the oronarr-constricting ffc L of 
thi ubsrnnce 111 diated by alpha-r c ptors an be eli i1 -cl 
in Lhe arrested, but not in th omracting h an. Numer
ous studi in an thetized pr paration · h,w ·upponecl 
thi conce1 L. Howev r , wh n 1101· p inephrinc was adm in
istered illlrav nou ·I}' in a bolu · or by infu ion co conscious 
·rninnl , a period of inten e coronary vasocon ·triction oc
curred (Fig. 3), ev n when heart rate was held con ·tant 
and when ca rdia pressures, ·izc and inotropic stale 1,·ere 
elevated - that is, when vasod ila tion was expected, be
cause of an increa e in myocardial ox gen con umption. 7 

The n repinephrine-indu eel coronary con ·triction was 
reversed to vasocli latation afte1· a lmini:tnuion f phemol
amine-indicating that it was cau eel by alpha-adrerergi 
stimulation. Wherea previous stucl ie did identify alpba
adrene1·gic receptor in the coronary ves el , it has been 
held that th se recepror are of trivia l importance, since, 
only vasocli lation was observed previous! when norepi
nephrine was administered to open-chest anesthetized 
animal. 

Other studies in conscious animals have supported the 
concept that alp ha-adrenergits cont rol o f the oronary cir
culation is more important than studies in ane ·thetized 
animals suggested. Alpha-adrenergic-mecliated coronar}' 



va ocon tricLio n ha bee n obse rved afLer hemorrhage and 
after intravenous aclm inisLration of dopam ine or mor
ph ine ·ulfa te in the conscious dog. The e ffecLs of dopa
mine in con cio us and anesL11e Li zed d o<Y · are compared in 
Figure 3. In a nesLh Li zed dog ·, on ly co1·onar y vasodi la
tion wa observed , a in ear li r tudies by investigators 
who u eel anesthetized open-chest preparations. In con
sciou dog however, Lh e same do e o[ dopamine evoked 
an in Len e and prolo nged pe riod of coron ary vasocon-

LriCLion. 
IL is well recognized thaL morphine su lfate possesses 

adrenergic- ·timulaLing prop nies. Recent! )', morphine 
was fou nd Lo induc ubstamia l coronary vasocon LriCLion 
in th consciou an ima l (Fig. 3), ven when contracLilitr 
1,·a levatcd and hea rt rate wa ·constant.S ince coronary 
va oconstriction was noL ob erve I after alpha-aclrene rgic 
blockade , th e vasocon tri Lion was probably due LO mor
phine's a lpha-aclrenergic stimulat ing ac tion. In contrasL, 
when the ··c1m animals were studied in the anesthetized 
ta le, on ly coro nar ' va odilata tion wa ob e rved. 

·w e compared the he111oclp1a111ic e ffecLs o f Lhree srm
pathomimetic am ines - norepinephrine. dopamine and 
dobutamine (a re ntl · develope I beta 1-aclrcnergic ago
nisL, which in rea e conLracLiliLy and has lesser effects 011 

art rial pr s ureand ardiacrate) - in agroup ofan im al 
·wdied in Lh e o n ciou · staLe and in the ane th cLized state 
1,·iL11 an o pen ch L t each do ·e o[ each drug LUdiecl, a 
~ub Lantially g reaLer po it ivc inOLropic re ponse was elicit-

cl in the open-che ·t ane the Lizecl preparations (Fig. 6). 
Even thoug h I ase- lin level of comractiliL)" were de-
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Figure 6. lnotropic Responses Elicited by Different Syrnpatho
mirnetic Amines in the Same Dogs on Separate Days either 
Conscious, Anesthetized with Pentobarbital or Anesthetized 

with Pen to barbital and with an Open Chest. 
Bars represent mean ± S.E.M. 

pres ·eel markecl lr in the anesthe tized state, contracti li ty 
ro ·e to hi gher peak levels than observed in the conscious 
state; inLermedi ate responses occurred in th e animals in 
the anestheti zed state with a closed chest. In add ition, in 
the anesthetized animals, the d irect ch ronotropic e ffects, 
mediated by beta-ad renei·gic receptors , were no t attenu
,uecl b)· re fl ex effects to the same extent as in th e o nscious 
animal . Thus, norepinephrine and dobutamine e leva ted 
heart rate in the anesthetized state, but induced brad yca r
cli a in the conscious sta te, in which the baroreceptor reflex 
was not attenuated. The effects on ca rd iac size were di f
ferent as we ll : a large bolus close of each of these sympa
thomimetic amines reclu eel le ft ventricul a1· encl-d iasto lic 
d imens ion · in the open-chest anesth etized preparation, 
but did not alte1· encl-cli aswlic size in the conscious state, 
presumably because of Lh e accompanying braclyca1·clia. 

CONCLUSIONS 

IL is now clear that although commonly emplorecl a nes
Lhetic exert a variety of action · on el'ery aspect of the ci1·
cul atory srstem , th e importance of general anesthesia on 
the ircul ation Lends to be underestimated when only the 
direct effects a re conside red. Even more important is the 
modificaLion of the o rganism·s in tegra tive 1·esponse to any 
perturbation , whethe1· it is a phrsiologic pertu rbat io n, 
such as hemorrhage, or a pharmacologic perturbation, 
such a· a cardiac glycos icle o r ympathomimetic amine. 
Thus, although it is generall y held thaL the o,·era ll carclio
,·asctda r res ponse to complex ph ysiologic fun ctions such 
as exerci e or eating can be best described in th e intact, 
con cious o rganism, the importance or cond ucting an y ex
periment that inl'oh-es integraLive control of the circu la
tion in the conscious o rganism . hould also be evident. T he 
as umption thaLanes thesia and surgica l trauma exenonly 
minor effects on the response to ph)' iologic and pharma
cologic interventions is no longe r tenable. Instead , ge ner
al ane the ·ia belon rs to Lhatcla sor interventions imposed 
b)· the investigaLor, often inacl ,·ertentl)" , o n th e subject un
der ·Luci )", which has previously been referred to as 
"phy iologic reactance . ,. 
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M CRITCHIE, ROBERT J. , STEPHEN F. VATNER, DEDO 

BOETTCHER, Guy R. HEYNDRICKx, THOMAS A. PATRICK, AND 

EUGENE BRAUNWALD. Role of arterial baroreceptors in me
diating cardiovascular response to exercise . Am. J. Physiol. 
230(1): 85-89. 1976. -The role played by the major arterial 
baroreceptor reflexes in the cardiovascular response to exer
cise was examined by comparing the responses of untethered 
conscious dogs instrumented for the measurement of aortic 
pressure and cardiac output with those of dogs with total 
arterial baroreceptor denervation (TABD). Moderately severe 
levels of exercise (12 mph) in intact dogs increased cardiac 
output from 111 ± 5 to 366 ± 17 ml/kg per min, increased heart 
rate from 101 ± 5 to 265 ± 8 beats/min, and reduced total 
peripheral resistance from 0.039 ± 0.003 to 0.015 ± 0.002 
mmHg/ml per min. Dogs with TABD responded in a very 
similar fashion; exercise increased cardiac output from 119 ± 8 
to 356 ± 23 ml/kg per min, increased heart rate from 122 ± 7 to 
256 ± 5 beats/min, and decreased total peripheral resistance 
from 0.042 ± 0.005 to 0.015 ± 0.001 mmHg/ml per min. The 
reflex heart rate responses to intravenous bolus doses ofmeth
oxamine were also examined in intact animals, both at rest 
and during exercise. Methoxamine caused striking bradycar
dia at rest, but little bradycardia during exercise. These re
sults suggest that the arterial baroreceptor reflex is normally 
turned off during severe exercise and thus does not modify 
significantly the cardiovascular response to exercise. 

autonomic nervous system; arterial pressure; cardiac output; 
heart rate; baroreflex; carotid sinus; telemetry; methoxamine; 
aortic nerve 

the heart rate response, i .e., tachycardia in the presence 
of hypertension, is opposite to that expected, which 
suggests that the arterial baroreceptor reflexes are 
turned off or reset during exercise (3, 9). 

This investigation was carried out to define the· role of 
the major arterial baroreceptors during moderately se
vere exercise in two different ways. First, a comparison 
was made of the cardiovascular responses to moderately 
severe spontaneous exercise in dogs with and without 
major arterial baroreceptor afferent pathways. Second, 
the "baroreflex sensitivity" was compared in intact dogs 
at rest and during exercise by inducing a rapid increase 
in arterial pressure by injection of a vasoconstrictor and 
observing the reflex response of the pulse interval (12). 

METHODS 

Thirteen mongrel dogs, 25-30 kg, were anesthetized 
with pentobarbital sodium (30 mg/kg iv) and a thoracot
omy was performed through the fourth left intercostal 
space under sterile surgical conditions. The pericardium 
was incised and then the aortic root was dissected for 
implantation of an electromagnetic flow transducer (Ze
peda Instruments, Seattle, Wash.). In addition, minia
ture gauges (P22, Konigsberg Instruments, Inc., Pasa
dena, Calif. ) were implanted in the thoracic aorta; these 
were calibrated in vitro and in vivo against a calibrated 
Statham P23Db strain-gauge manometer (Statham In-
struments, Inc., Oxnard, Calif.). 

Total arterial baroreceptor denervation (TABD) was 
EXERCISE IS ACCOMPANIED by a marked tachycardia, performed through a midline cervical incision in six 
increases in cardiac output and in arterial and atrial dogs, three of which had been studied prior to TABD. 
pressures, and a reduction in total peripheral resistance The carot id sinus nerves were isolated and sectioned, 
(2, 11, 16). In view of these major cardiovascular altera- and t he aortic nerves were divided according to the 
tions, it could be surmised that a cardiovascular regulat- technique described by Edis and Shepherd (4). Postoper
ing mechanism as important as the arterial barorecep- atively, adequacy of denervation procedure was con
tor reflex would play a significant role in mediating and firmed by observation of the heart rate responses to 
modifying the exercise response. If the arterial barore- bolus injections of nitroglycerin and methoxamine, 48 
ceptor reflexes were critical to the exercise response, µ,g/kg. In intact dogs this dose of nitroglycerin increased 
then in the absence of these reflexes the cardiovascular heart rate by an average of 97 ± 11 (SE) beats/min; this 
adjustments would be altered (13). The increases in dose of methoxamine slowed heart rate by 47 ± 2 beats/ 
intra vascular pressures that occur during exercise sug- min ofbradycardia, A change in heart rate of less than 6 
gest that there must be altered input into both the beats/min in either direction after either an increase or 
arterial and cardiac baroreceptors, which in their ab- decrease in arterial pressure was accepted as proof of 
sence would result in inordinate responses, e.g., ex- adequate surgical denervation of all major arterial baro
treme hypertension. However, the observed direction of receptor afferent pathways. 
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A modification of an electromagnetic flow system 
with a telemetry capability described by Fryer and San
dler (5) was used to measure aortic blood flow (16). The 
electronic equipment, carried by the animal in saddle
bags, consisted of a battery-operated electromagnetic 
flow/pressure telemetry system. The signals containing 
pressure and flow data were telemetered by conven
tional frequency-modulation techniques to the mobile 
recording unit, containing an FM communications re
ceiver, signal-processing electronics, and a magnetic 
tape recorder (16, 17). 

The experiments were conducted 2-3 wk postopera
tively when the dogs had recovered from the operation 
and were again vigorous and healthy. While the dogs 
were standing quietly control records of aortic pressure, 
cardiac output, and heart rate were obtained. The dogs 
were taken to an isolated area and the mobile unit 
carrying the electronic recording equipment then drove 
off. The speed of the van was 10-12 mph and the dogs 
followed it for a distance averaging 112 mile over a level 
road. Experiments were repeated on many of the dogs 
either on separate days or after sufficient t ime for full 
recovery on the same day, e.g., 2-4 h later. The levels of 
exercfse attained by both the normal and denervated 
dogs were similar and was considered to be moderately 
severe. 

In a separate series of experiments four intact dogs 
were exercised to the same moderately severe level and 
at the peak level of exercise were given a bolus intrave
nous dose of 800 µ,g methoxamine/kg. Bolus intravenous 
injections of methoxamine were administered to four of 
the dogs with intact baroreceptors at rest and during 
exercise through a catheter in the jugular vein that was 
connected to a syringe activated by radio control. In 
operation a transmitted radio signal activates a relay 
within the receiver carried in the saddlebags, which in 
turn activates an electrical current that heats a stain
less steel fuse wire. The hot wire then severs a silk 
restraining loop attached to the syringe plunger, which 
is thereby closed by rubber-band action. On a separate 
day the same dogs were studied at rest and given 200 µ,g 
methoxamine/kg. The data were replayed at a paper 
speed of 50 mm/s and systolic pressure and the increas
ing pulse intervals were plotted by a technique de
scribed by Smyth et al. (12). 

Total peripheral resistance was calculated as the quo
tient of mean arterial pressure in millimeters of Hg and 
aortic blood flow (cardiac output) in milliliters per min
ute . Statistical analysis of the data, assessed during 
preexe~cise control and peak steady-state exercise, was 
determmed by the group and paired t test. Regression 
analysis and the analysis of variance of the regression 
were also performed (8). 

Exercise data were recorded on a multichannel tape 
recorder and played back on a direct-writing oscillo
graph. A cardiotachometer triggered by the signal from 
the pressure pulse provided instantaneous and continu
ous records of heart rate. 

RESULTS 

The cardiovascular response to exercise occurring be
fore and after total arterial baroreceptor denervation 
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(TABD) is illustrated in Fig. 1 and the findings of all the 
dogs are summarized in Table 1 and Fig. 2. 

Intact dogs. In the intact dogs exercise increased aor
tic blood flow by an average of 255 ± 16 (SE) ml/kg per 
min above a control of 111 ± 5 ml/kg per min. This was 
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FIG. 1. Responses of aortic flow, cardiac output, phasic and mean 
aortic pressure, and heart rate to modera te exercise in an intact dog 
(left. panel) and same dog after total arterial baroreceptor denerva
t ion (right panel). Note similarity of responses. 

TABLE l. Effects of moderately severe exercise 

Standing Exercise 

Intact (n = 10) 
Cardiac output, ml/kg per min 111 :!: 5 366 :!: 17' 255 :!: 16 
Slroke volume, ml 26.8 :!: 1.5 33.3 :,: I.St 6.5 :!: 1.7 
Heart rate, beats/min 10 1 :!: 5 265 = s· 164 ± 8 
Mean aortic pressure, mmHg 98 :!: 3 125 :,; 4• 27 :,: 3 
Total peripheral resistance. 0.039 :,: 0.003 0.015 ± 0.002· 0.024 :!: 0.003 

mmHg/ml per min 
Denervated (rt = 6) 

Cardiac output, ml/kg per min 119 :,; 8 356 ± 23• 237 ± 23 
Stroke volume, ml 23.3 LS* 34.2 3. 1· 10.9 ± 2.5* 
Heart rate, beats/min 122 :!: 7* 256 :!: 5• 134 :!: 9§ 
Mean aortic pressure, mmHg 11 l ± 4l 127 :!: 9t 17 :!: 8 
Total peripheral resista nce, 0.042 _ 0.005 0.015 :!: 0.001· 0.027 :!: 0.005 

mmHglml per min 

• Sibrnificantly different from sta nding, P < 0.02. t Significantly different from 
standing, P < 0.05. * Significantly different from intact, P < 0.05. § Significantly 
different from intact, P < 0.02. 
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FIG. 2. Values (means± SE) during control a nd steady-sta te exer
cise for cardiac output, arterial pressure, heart rate, and total periph
eral resistance (TRP) for intact dogs (circles) and dogs with total 
ar terial baroreceptor denervation (TABD) (tria ngles) . 



ARTERIAL BARORECEPTORS AND EXERCISE 

accompanied by a marked increase in heart rate from 
101 ± 5 to 265 ± 8 beats/min and a slight increase in 
stroke volume from 26.8 ± 1.5 to 33.3 ± 1.8 ml. Mean 
aortic pressure rose from 98 ± 3 to 125 ± 4 and calcu
lated total peripheral resistance fell from 0.039 ± 0.003 
to 0.015 ± 0.002 mmHg/ml per min. 

D_e:1-ervated dogs. In dogs with TABD in the standing 
pos1t10~ at rest'. heart rate and mean arterial pressure 
wer~ slightly higher than in the intact dogs (Table 1); 
cardiac output and total peripheral resistance did not 
differ in the two groups, but stroke volume was signifi
cantly lower. Exercise increased cardiac output from 119 
± 8 to 356 ± 23 ml/kg per min and heart rate from 122 ± 
7 to 256 ± 5 beats/min. The levels reached did not differ 
significantly from those in the intact group. Stroke 
volume, which was significantly lower in dogs with 
TABD (23.8 ± 1.8 ml) than in intact dogs increased 
significantly more during exercise to 34.2 ~ 3.1 ml, a 
level almost identical to that observed in the intact dogs 
(Table 1) . Mean aortic pressure increased and calculated 
total peripheral resistance decreased, and these levels 
were sustained for the period of exercise. Thus, the 
circulatory changes during moderately severe exercise 
in dogs with TABD resembled very closely those seen in 
intact dogs during similar amounts of exertion. In addi
tion, the dogs with TABD appeared to tolerate the mod
erately severe exercise as well as did the intact dogs. 

Intact dogs and bolus intravenous methoxamine. 
Four intact dogs were administered bolus intravenous 
injections of methoxamine, both at rest in the labora
tory and during moderately severe exercise. In order to 
obtain equivalent pressor responses in the two situa
tions, the doses of methoxamine employed during exer
cise were approximately 4 times greater than those em
ployed at rest. Typical records are illustrated in Fig. 3. 

At rest, the expected reciprocal relation between 
heart rate and arterial pressure was observed (Table 2). 
On the other hand, when similar increases in arterial 
pressure were produced in the exercise state, almost no 
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FIG. 3. Responses of arterial pressure, mean pressure, heart rate, 
and calculated 11 heart rate (HR)/11 arterial pressure (AP) in an 
intact dog at rest to bolus of 5 mg iv methoxamine (left panel ) and to 
20 mg iv methoxamine in same dog during moderately severe exer
cise (middle panel) and in a dog with TABD at rest to 0.3 mg methox
amine (right panel). Note similarity of L\HR//1AP responses in intact 
dog during exercise and that of dog with TABD at rest. 

TABLE 2. Systolic arterial pressure (SAP)/pulse 
interval (PD slope in response to methoxamine 

Dog Slope at Rest 81i:c~ci:!ng p-

1 34.9 0.20 < 0.001 
2 85.2 0.85 < 0.001 
3 41.6 0.30 < 0.001 
4 48.7 0.19 < 0.001 
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• ~ignificant difference between SAP/PI slope at rest and during 
exercise. 

cardiac slowing occurred. This absence of cardiac slow
i:r:1-g ~n the exercising dogs with intact baroreceptors was 
similar to that observed in the dogs with TABD at rest. 

DISCUSSION 

The findings of the present investigation on the cardio
vascular response to moderately severe exercise in the 
conscious dog with intact arterial baroreceptors are ·in 
general agreement with previous observations (2 11 
16), in that cardiac output and heart rate rose mark;.dly: 
the former proportionately more than the latter; conse
quently there was an associated small increase in stroke 
volume. Aortic pressure rose significantly and there 
was a sustained reduction in calculated systemic vascu
lar resistance. In dogs with TABD, although there were 
minor differences in the preexercise levels of heart rate 
arterial pressure, and stroke volume, all these variable~ 
rose to levels that were essentially identical to those 
observed in the dogs with int act baroreceptors during 
exercise. 

Previous investigations into the role of the arterial 
baroreceptor reflex in the control the cardiovascular 
system during exercise have yielded conflicting conclu
sions as to their importance. On the one hand, Heymans 
and Neil (6) asserted that the baroreceptor reflex is just 
as active during exercise as at rest. Robinson et al. (10) 
studied the reflex heart rate responses to pharmacologic 
alterations in blood pressure during exercise in man and 
found that the change in heart rate for any given 
change in pressure was similar during rest and exercise . 
and concluded that the sensitivity of the baroreceptor 
reflex was not altered during exercise, thereby support
ing the view ofHeymans and Neil. Topham and Warner 
(13) also concluded that the arterial baroreceptor reflex 
is an essential link in the cardiovascular adjustment to 
exercise and in the absence of this loop normal increases 
in heart rate and cardiac output cannot be attained. 
These conclusions were supported in general by the 
subsequent studies of Bevegard and Shepherd (1, 2), 
who found that the increase in heart rate and blood 
pressure in man during exercise is restricted, though 
not prevented, by the arterial baroreceptor reflex, but 
that the carotid sinus mechanism is less effective in 
opposing the increase in heart rate than of blood pres
sure. These observations and conclusions suggest that, 
in the absence of the modifying influences of the arterial 
baroreceptor reflex, both arterial pressure and heart 
rate should increase to even higher levels than are 
normally seen. 

On the other hand, studies conducted in dogs with 
and without baroreceptor isolation by Van Routte et 
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al. (14) revealed little difference in the cardiovascular 
response to exercise in the two groups of dogs, although 
measurements of cardiac output were made not during 
but immediately after the cessation of exercise. More
over, in that study the changes from control to the 
postexercise state were similar on a percent-change 
basis but the dogs with baroreceptor isolation showed 
only approximately half the normal increase in cardiac 
output in absolute flow. Further support for the position 
that the baroreceptors were of little importance during 
exercise came from a study by Bristow et al. (3), who 
observed in man that the slope of the regression line of 
systolic arterial pressure on heart rate after intrave
nous phenylephrine was depressed and who therefore 
concluded that the arterial baroreceptor reflex was 
either reset or turned off during exercise and that the 
higher the heart rate during exercise the greater the 
reductions in sensitivity of the arterial baroreceptor 
reflex. More recently, Krasney et al. (7) found that, 
although the responses of normal and baroreceptor de
nervated dogs to the stress of exercise were qualita
tively similar, some differences occurred; the increases 
in cardiac output and heart rate were more sluggish, 
arterial pressure was less stable, and the marked de
cline in systemic vascular resistance was not sustained. 
Moreover, the peak levels attained for heart rate and 
cardiac output were significantly less in the dogs with 
TABD. These investigators concluded that arterial baro
receptor reflexes do play a role in the regulation of the 
circulation during exercise but that they do so in a more 
complex fashion than previously recognized. Our results 
are consistent with those of Krasney et al. (7) in that 
arterial pressure was more unstable during exercise in 
dogs with TABD, but they are inconsistent with their 
results in that a sustained decline in systemic vascular 
resistance did occur in our dogs with TABD. In the 
study by Krasney et al. (7), although the responses of 
heart rate and cardiac output were qualitatively similar 
in normal dogs and those with TABD, the dogs with 
T ABD did not attain the same peak levels for cardiac 
output and heart rate, whereas in the present study a 
more severe level of exercise (12 mph) was examined, in 
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which cardiac output rose about threefold; the exercise 
level in the study by Krasney et al. was only 5 mph and 
cardiac output less than doubled in their dogs with 
TABD. 

The results of the present study further indicate that 
the normal tachycardia of exercise can occur rapidly 
even in the absence of an intact arterial baroreceptor 
reflex. These results suggest that this tachycardia is 
mediated either by a central mechanism (11) or, since 
the vagi were intact, by inputs from lung receptors in 
the chest wall, somatic afferents , low-pressure recep
tors, or some combination of these. Support for the 
latter hypothesis can be gathered from the findings that 
left ventricular filling pressure is elevated during exer
cise (16) and that, in the presence of an elevated atrial 
pressure associated with volume loading, the arterial 
baroreceptor reflex is also inhibited (15). 

Thus, in the intact animal, the arterial baroreceptor 
reflex plays little role in modulating the cardiovascular 
response to exercise. This finding suggests that, during 
this stress, this reflex is inhibited or turned off. The 
hypothesis was tested and supported by the experiments 
in the intact dogs in which heart rate did not slow with 
sudden elevation of arterial pres ure by methoxamine 
during exercise. In summary, although a multiplicity of 
afferent inputs are probably involved in the cardiovascu
lar response to exercise, the arterial baroreceptor reflex 
does not modify this response in any measurable way, 
and it is concluded that it is inhibited during this stress. 
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SUMMARY To determine the role of the arterial baroreceptor 
renex in mediating the cardiovascular response to a cardiac glyco
side, we examined the effects of ouabain (G-strophanthin), 17.5 
µg/ kg, iv, on direct and continuous measurements of left ventricular 
diamete rs, pressures, velocity of shortening, (dP /dt)/ P, arterial pres
sure, cardiac output, and total peripheral resistance. These studies 
were conducted on healthy conscious dogs before and after total 
arterial ba roreceptor denervation (T ABO ). Maximal pressor effects 
were observed in the fi rst 3- 5 minutes; mean a rterial pressure 
increased by 11 ± 1 mm Hg in normal dogs compared to 33 ± 4 
mm Hg in denervated dogs. In intact dogs at this t ime heart rate de-

CARD IAC glycosides increase cardiac output through a 
strong inotropic action on the failing heart. In contrast, 
ca rd iac g lycosides, when administered to man or animals 
without heart fai lure, either reduce or do not change ca rdiac 
output.'· 2 One of the most prevalent hypotheses offered to 
explain why digitalis exerts little effect on output o f the 
nonfailing heart is that the arteria l baroreceptors, stimu
lated either directly by the cardiac g lycoside3 or by the rise 
in arteria l pressure that occurs, attenuate the normally 
powerfu l inotropic action of the drug and the reby prevent 
cardiac output fro m ri sing. 2-• A corollary of this hypothesis, 
i.e., that the cardiac glycoside would cause a str iking 
inotropic response sufficient to elevate stroke volume a nd 
cardiac output in the abse nce of arterial baroreceptors, was 
the subject of th is investiga tion. 
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creased by 18 ± 2 beats/ min and cardiac output fell by 18 ± 3 %; 
these values gradually returned toward control over 15- 30 minutes. 
When heart rate was kept constant, cardiac output did not fall after 
injection of ouabain. In contrast, heart rate and cardiac output did 
not change significantly after ouabain in dogs with TAB D. The 
max imal effects on the contractile state of the heart occurred between 
15--30 minutes and were similar in both groups. Arterial barorecep
tor renexes appear to be responsible for the reduction in heart rate 
and cardiac output caused by administration of ouabain to the in
tact dog. They exert an important buffering action on the vaso
pressor effect but a less important action on the inotropic response. 

In order to accomplish this goal the effects of a subtoxic 
dose of ouabain were studied before and after recovery from 
denervat ion of arterial baroreceptors in conscious dogs 
which ha d been instrumented for d irect measurements of 
stroke volume, cardiac output, left ven tr icular d imensions 
and pressu res, dP/ dr, and velocity of myocardia l fiber 
shorteni ng. It was considered important to conduct th is 
study in conscious animals because general anesthesia, per 
se, depresses cardiac function,7· • and card iac g lycosides 
exert a more potent action on the depressed myocard ium.• 

Methods 

Ten m ongre l dogs were a nesthetized with pentobarbital 
sodium (30 mg/kg, iv). Through a thoracotomy in the 4th 
left intercosta l space an elect romagnetic now transd ucer 
(Zepeda Instru ments, Seattle) was implan ted around tht: 
ascending aorta a nd pacemaker electrodes were sutu red to 
the left atrium. A catheter was implanted in the ascending 
aorta via the femora l a rtery . In another group of seven dogr 
under pentobarbital anesthesia and through a thoractomy in 
the 5th left in tercostal space, m iniature pressure gauges 
(model P22, Konigsberg Instrumen ts, Pasadena, Calif.) 
were implanted within the left ventricle through a stab 
wo und in the apex. A T ygon catheter was implanted t hrough 
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the left a trial appendage to measure left atrial pressure. 
Opposing ultrasonic diameter transducers* were implanted 
on the endocardial surfaces of the anterior and posterior 
walls of the left ventricle, and pacema ker electrodes were 
sutured to the left atrium. Total arterial baroreceptor 
denervation (T ABD) was performed during a subsequent 
opera tion through an anterior cervical incision by fi rst 
dividing the carotid sinus nerves and then the aortic nerves 
according to the technique described by Edis and Shepherd.• 
Adequacy of the denervation was confirmed postoperatively 
by observing the responses to intravenous bolus doses of 
nit roglycerin, 48 µg/kg, and methoxamine, 48 µg / kg. Any 
dog exhibiting a reciprocal change of heart rate of more than 
6 beats/min was considered to be not denervated and was 
excluded from the study. Normally these drugs elicited 
changes of 97 ± 11 and 47 ± 2 beats/min, respectively in 
heart rate. 

Experiments were conducted 2-4 weeks postoperatively 
when the dogs had recovered fully from the su rgery. While 
the trained, conscious unsedated dogs of the first group 
were resting quietly in a darkened laboratory, control 
records of arterial pressure, aortic flow, cardiac output, and 
heart rate were obtained. In the other group of dogs control 
records of left ventricular pressure and diameter, the time 
rate of change of diameter (dD/dt), the time rate of change 
of pressure (dP /dt), and heart rate were obtained . Ouabain, 
17.5 µg / kg, which is the largest dose that can be adminis
tered consistently to the conscious dog without producing 
toxic side effects, was given as an intravenous bolus a nd 
recordings were obtained continuously during the subse
quent 30 minutes. In some experiments recordings were 
taken for periods of up to 60 minutes. Records during the 
control period and during peak pressor and inotropic 
responses also were obtained with heart rate controlled at a 
frequency slightly higher than the control spontaneous rate. 

The electromagnetic flow probes were precalibrated in 
vitro. During the experiments zero flow was assumed to 
occur in mid-diastole and late diastole. The left ventricula r 
pressure gauges were calibrated in vivo against a calibrated 
Statham P23Db strain gauge manometer. Diastolic pressure 
for the implanted gauge was calibrated in relation to the 
corresponding left atrial pressure. At autopsy the position of 
the miniature pressure transducer within the ventricular 
lumen was confirmed. Arterial pressure was measured with 
a Statham P23Db strain gauge manometer. An ultrasonic 
transit time dimension gauge was used to measure left 
ventricular diameter; 10 the principle of its operation is 
similar to that of other ultrasonic gauges which have been 
described previously. In brief, the instrument measured the 
transit time of acoustic impulses t raveling at the sonic 
velocity of approximately 1.5 ± 106 mm/sec between the 
3-mHz piezoelectric crystals implanted on the left ventricu
lar endocardium at opposing sites. The transit time was 
calibrated by substituting signals of known duration from a 
pulse generator which was referenced to the frequency of a 
quartz crystal controlled oscillator. A voltage proportional 
to transit time was recorded and calibrated in terms of 

• Construction details are available from the authors. 

crystal separat ion. In this manner a measure of the in ternal 
diameter of the left ventricle was continuously recorded . 

The signals were directly coupled to a multichannel tape 
recorder and played back on a direct-writing oscillograph at 
a paper speed of I 00 mm/sec. A cardiotachometer triggered 
by the signal from the pressure pulse provided instanta neous 
and continuous records of heart rate. Continuous records of 
dP/dt and dD/dt were derived from the left ventricula r 
pressure and diameter ignals; Philbrick operational am
plifiers (Philbrick/ Nexus Resea rch, Dedham, M ass.) were 
connected as differentiators. A triangular wave signal with 
known slope (rate-of-change) was substituted for pres ure 
and diameter signa ls to directly calibrate the left ventricula r 
dP/dt and velocity channels. 

The action of ouabain on myocardial force-velocity 
relations was assessed by determining its effects on the 
velocity of shorten ing and intravenlric ular pressure al an 
identical ventricula r diameter. W hen, at any given instan
taneous myocardial diameter or length (isolength point), the 
velocity of shortening rises, a shift in myocardial force
velocity relations which reflects a positive inotropic effect is 
considered to have occurred. All isolength point s were 
obtained during the fir t one-third of ejection. In addition, 
developed pressure, i.e., (dP /dt)/ P, was exa mined . The 
latter was calculated as the quotient of dP / dt a nd left 
ventricular pressure minus end-diastolic pressure, the same 
level of pressure which occurred during the isovolumetric 
contraction period both before and after ouabain. These 
techniques for evaluating the myocard ial contractile state 
have been described in deta il previously.8• 11· •3 For tatistical 
analysis of the data, both a paired t-test a nd group t-test" 
were used. 

Results 

In T able I are summa rized the control data fo r both the 
intact a nd denervated dogs. Control values for arterial 
pressure, left ventricula r pressure, heart rate, and peak 
dP /dt of the denervated dogs were significant ly higher than 
in the intact group, whereas control values for end-diastolic 
and end-systolic dia meters and stroke volume were lower. 

ARTERIAL PRESSURE 

Ouaba in increased mean arterial pressure in the intact 
dogs by I minute; the pressure reached a maximum of 11 ± 
I mm Hg above control of 90 ± 3 mm Hg at 3- 5 minutes; 
and declined gradually but remained above control levels at 
30 minutes (Fig I). In the dogs with T ABD, a rte rial pressure 
also was signi fican tly elevated a t I minute, at 3- 5 minutes 
reached a maximum of 33 ± 4 mm Hg a bove a control of 
107 ± 4 mm Hg, a nd remained above control a t 30 minutes. 
The elevation in arterial pressure in the dogs with TABD 
was significantly greater than in intact dogs (P < 0.00 I). 

HEART RATE 

In intact dogs ouabain decreased heart rate within I 
minute after injection; at 3- 5 minutes reached a minimum of 
- 18 ± 2 beats/ min below a control of 82 ± 2 beats/min (P 
< 0.0 I); and returned slowly towa rd control at 30 min utes 
(Fig. I). In dogs with TABD, resting heart rate was 

I 
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TABLE I Control Values 

Mean arterial pressure (mm Hg) 
Heart rate (beats/min) 
Cardiac output (liters/min) 
Stroke volume (ml) 
Total peripheral resistance (mm Hg/ml per min) 
End-diastolic diameter (mm) 
End-systolic diameter (mm) 
Left ventricular systolic pressure (mm Hg) 
Peak dP/dr (mm Hg/sec) 
(dP/dr)/P(sec- 1) 

lsolength left ventricular velocity (mm/sec) 

Results are expressed as mean ± SEM. 

• Significantly different from intact (P < 0.0 I). 
t Significantly different from intact (P < 0.05). 

significantly higher at I 15 ± 6 beats/min (Table I), there 
was no significant reduction in heart rate du ring the peak 
pressor response and the rate remained at resting control 
levels through the entire 30-minute period of observation. 

SYSTEMIC HEMODYNAMICS 

In int act dogs ouabain decreased card iac output by a 
maximum - 0.38 ± 0.06 liters/min from a control level of 
2.40 ± 0 . 11 liters/min (P < 0.01) (Fig. I). This coincided 
with the peak pressor respo nse at 3- 5 minutes and had 
returned almost to contro l levels by 15 minutes. Total 
peripheral resistance increased by 0.012 ± 0.002 mm Hg/ ml 
per min from a control of 0.037 ± 0.003 at the time of the 
peak pressor effect, i.e., 3- 5 minutes (P < 0.00 l ), and 
returned toward contro l levels during the 30-minute period 
of observation. 

Maintenance of heart rate al contro l levels by atrial 
st imulatio n at the time of the peak pressor effect returned 

ti. 
CARDIAC 
OUTPUT 
(L/minJ 

ti. 
V150 

(mm/sec) 

5 MIN 

* Different from 
intact p < 0.05 

15 MIN JO MIN 

fill INTACT 

~ DENERVATED 

FIGURE I The average (±SEM) changes in mean arterial pressure, 
heart rare, cardiac output , (dP/dt)/P, and isolength left ventricular 
velocity (V1'°) in imact dogs compared with denervated dogs at 5, 
15 , and 30 minutes after ouabain administration. 

Intact 

90 ± 3 
82 ± 2 

2.40 ± 0.11 
32.0 ± 3 

0.037 ± 0.003 
36.3 ± 1.3 
27.5 ± 1.5 
115 ± 4 

3160 ± 240 
54 ± 3 
57 = 9 

Denervated 

107 ± 4* 
115 = 6* 

2.44 = 0.06 
25.0 ± 2* 

0.041 = 0.003 
30.4 ± 2.5* 
23.0 = 2.3* 
141 = 7* 

4090 ± 380t 
60 ± 3 
66 = 8 

cardiac output to control levels, while mean arterial pressure 
rose by 24 ± 4 mm Hg. 

In dogs with TA BD, ouabain did not produce a significant 
change in cardiac output from the control level of 2.44 ± 
0.06 liters/ min throughout the entire observation period 
(Fig. I), and this was associated with no significant change 
in stroke volume. Total peripheral resi stance increased by 
0.018 ± 0.002 mm Hg/ml per min (P < 0.001) at 3-5 
minutes from a control of 0.04 1 ± 0.003 ; it d id not return to 
control levels as rapidly as it did in intact dogs, and at 30 
minutes it was still significantly elevated above control by 
0.005 ± 0.002 mm Hg/ml per min (P < 0.05). This increase 
was greater than that observed in intact dogs. 

VENTRICULAR DYNAMICS 

In intact dogs, ouabain increased left ventricular systolic 
pressure from a control of 115 ± 4 mm Hg by 12 ± 2 mm 
Hg at 3- 5 minutes (P < 0.01) (Fig. 2); subsequently, 
pressure gradually returned toward control levels. End-dias
tolic diameter increased slightly, by + 0 .29 ± 0.20 mm, but 
did not differ significantly from a control of 36 .3 ± 1.3 mm 
(Fig. 2), while end-systolic diameter decreased by 0.51 ± 
0.24 mm, but not significantly from a control of 27.5 ± 1. 5 
mm. By 15 minutes after injection of ouabain dP/dt / P 
increased by IO ± 2 sec- 1 from a control of 54 ± 3 sec - 1 

(Figs. I and 2) and remained essentially at this level unti l the 
end of the 30-minute observation period. Isolength left 
ventricular velocity increased by a maximum of 12 ± 2 
mm/sec from a control of 57 ± 9 mm/sec at 30 minutes 
(Figs . I and 2). Observations at times greater than 30 
minutes indicated that myocardial contractility began to 
diminish. 

If heart rate was restored to control levels by atrial 
stimulation dur ing the peak inotropic effect there was no 
significant effect on the inotropic responses, although left 
ventricular dimensions were significantly smaller at the 
more rapid rate; end-diastolic size was 31.5 ± 1.5 mm and 
end-systolic size was 24.2 ± l.4 mm . These values are 
comparable to those of dogs with T ABO. 

In dogs with TABD, left ventricular systolic pressure 
increased by 35 ± 4 mm Hg from a control of 141 ± 7 mm 
Hg (Fig. 2) (P < 0.001); this was a significantly greater 
increase (P < 0.01) than occurred in the intact dogs with 
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LV 
DIAMETER 

(mm) 

LV 
VELOCITY 
(mm/sec) 

LV 
PRESSURE 

CmmHg) 

LV 
PRESSURE 

(mm Hg) 

HEART 
RATE 88/min 

DENERVATED 
CONTROL DIG. 

90/min 108/min 108/min 

FIGURE 2 Typical waveforms recorded from the same dog before and after ouabain when the animal was intact (left panels) and afte1 rm.ii 
arterial baroreceptor de11ervatio11 (right panels). The records of instantaneous left ventricular (L V) diameter , velocity, pressure, and dP /dt are 
shown at a fast and slow paper speed during the control period and during the peak inotropic response. This dog exhibited as large an increase in 
the inotropic stale as was observed in this swdy. Dig. = digitalis . 

spontaneous rhythm or with heart rate consta nt. As in the 
intact dogs, ouabain produced little change in left ventricu
lar diameter. dP/dt/P increased by 14 ± 2 sec- 1 above a 
control of 60 ± 3 sec- 1, while isolength left ventricular 
velocity increased by a maximum of 14 ± 4 mm/sec from a 
control of 66 ± 8 mm /sec. The peak increases in dP/dt/P 
and isolength left ventricular velocity were slightly greater in 
dogs with TA BD than in intact dogs. The differences, 
however, were not significantly greater (Fig. I). Moreover, if 
percent change from control was examined, differences in 
inotropic responses between intact and T ABD dogs would 
have been even smaller. 

Discussion 

To examine the role of the arterial baroreceptors in 
modifying the response to cardiac glycosides, we studied the 
conscious dog because general anesthesia interferes with 
baroreceptor control of the circulation 7• • and modifies the 
normal response to a cardiac glycoside. 8 In the conscious 
dog, a relatively la rge dose of ouabain produced a peak 
pressor response after about 3- 5 minutes and this was 

associated with modest bradycardia and reduction in cardiac 
output which gradually returned to co ntrol levels by 15- 30 
minutes. Indices of myocardial contractility, i.e., dP/dt / P 
and isolength left ventricular velocity, increased significantly 
although slightly. These increases in myocardial contractil
ity are relatively small compared to those fo und for the 
conscious dog after administration of other inotropic 
agents'"· 1• or, after exercise; in these instances contractility 
may increase 5-fold. 17 They are small also in relation to 
changes induced by administration of ouabain after myocar
dial depression had occurred because of either general 
anesthesia• or chronic heart failure. 18 

To explain the relatively modest positive inotropic effect 
of ouabain on the non failing heart , it has been proposed that 
the power of its direct inotropic effect is obscured by 
baroreceptor-activated reflex withdrawal of cardiac sympa
thetic tone.• Arterial baroreceptors are stimulated after 
administration of cardiac glycosides in at least two ways: 
First, as has been shown recently , cardiac glycosides cause 
direct stimulation of the afferent carotid sinus and aortic 
nerves•·• and thus enhance "barosensitivity" of the a nim al. 
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Second, they elevate arte ri a l pressure by causing systemic 
vasoco nstriction, and this is expected lo excite baroreceptor 
affe rent pathways. 3·• The arteria l baroreceptor reflex then 
would be expected to buffer t he rise in pressure, in pa rt by 
reduci ng myocardial contractility and, th us, to oppose the 
direct effects of the cardiac glycoside. 3• 0 The resu lts of our 
study suggest that baroreceptor reflex activation plays a 
minor ro le in blunt ing the positive inotropic effect of a 
cardiac glycoside in the intact, conscious dog, since the 
maximum dose of ouaba in that could be used without 
eliciting toxic effects induced only slight inotropic effects in 
the absence of arte ri al baro receptors. These results are 
consistent with those of a previous study from this labora
tory in which the carutid sinus baroreceptor reflex was found 
to exert only a minimal effect in the control of myocardial 
contractility a nd stroke volume but to exe rt important 
effects in the regulation of arterial pressure and cardiac 
rate. ' 3 Thus, under physiological conditions, baroreceptor 
control of myocardial contractility appears to be relatively 
ineffective. 

Although inotropic responses were not markedly different 
between the two groups of dogs, those with T ABD re
sponded to ouabain with a 3-fold greater increase in 
pressu re, indicating that a rterial baroreceptors do play an 
important role in bufferi ng the presso r response to the 
cardiac glycoside. The 3-fold difference in peak pressor 
response between intact dogs and dogs with T A BD is similar 
to that described for respon ses to intravenous 
methoxam ine; 19 this finding suggests that cardiac glyco
sides do not exert a major action in "sensitizing" the arterial 
barorecepto rs. 8 If the latter phenomenon were important, a 
greater difference in a rterial pressure respon se should have 
been observed in response to ouabain than to methoxamine, 
because methoxamine is not known to exert a direct effect 
on the a rteri al baroreceptors. 

The responses of cardiac output to the cardiac glycoside 
were differen t in the presence and absence of arterial 
baroreceptors. However, even with T AB D, ouabain did not 
inc rease cardiac output in the conscious dog . The init ial, 
transient reduction in cardiac output which was observed 
could have been due either to venous pooling2• 20 or to the 
attendant bradycardia. In norm al, anesthetized canine prep
arations, d igita lis has been reported to produce generalized 
venoconstrict ion, 2 which is particularly marked in the 
hepatic veins a nd leads to pooling of blood in the porta l 
venous system; this, consequently, leads to a diminished 
venous retu rn •• a nd ultimately co ntributes lo the decreased 
cardiac o utput observed after ouabain admini stration. If this 
mechanism were important, then controlling the heart rate 
by atrial st imulatio n should not have prevented the reduc
tion in cardiac output, whereas if the bradycardia were 
responsible, in the face of a constant heart rate cardiac 
output should not have decreased. This latter relationship 
was, in fac t, found. These results suggest that the mecha
nism of diminished venous return plays litt le role in 
reducing card iac output afte r ouabain administration, as 
observed in the intact, co nscious dog. The finding that 
end-diastolic size, an indication of cardiac preload, did not 
diminish in any grou p of conscious dogs stucjied support s 
this co nclusion. 

The precise mechan ism for the cardiac slowing induced by 
digitalis rem a ins controversial. In our expe rim ents, remova l 
of the carotid sinus and ao rtic nerve afferent pathways 
abolished the bradycardia seen in intact dogs, even though 
the vagus nerves were intact; th is result is in agreement with 
those of Heymans et al. 21• 22 

In summary, arterial baroreceptor reflexes a play a min or 
role in attenuating the inotropic action of a cardiac glyco
side. Even in the absence of arte ri al baroreceptor afferent 
pathways, ouabain did not exert an inotropic action suffi
ciently powerful to elevate cardiac output. The major role of 
the arterial baroreceptor reflex in the response to ouabai n 
involves ( I) substantial atten uatio n of the pressure response, 
and (2) mediation of the reflex bradyca rdia and reduction in 
cardiac output that normally occurs in the conscious dog 
without heart fa ilure. This latter observation implies that 
splanchnic pooli ng is not a n im portant mechanism medi at
ing the reduction in cardiac output which results from 
administration of ouabain to the conscious dog. 
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Cardiovascular Adjustments to Exercise: 
Hemodynamics and Mechanisms 

Stephen F. Vatner and Massimo Pagani 

THE manner in which the intact organism re
sponds to the stress of exercise has intrigued 

cardiovascular physiologists for the past century. 
The circulatory adjustments, necessary to meet the 
extraordinary demands of the working muscula
ture and which begin even before the onset of 
exercise, remain areas of intense investigation and 
speculation . These adjustments must take place in 
almost every organ system of the body and in
volve all aspects of cardiac and peripheral vascular 
control, including regulation by the central and 
autonomic nervous systems. The goal of this 
review is to discuss many of the compensatory 
mechanisms that permit the capability for severe 
exercise, with emphasis on directly measured ex
perimental data rad iotelemetered from intact, 
conscious animals spontaneously running in the 
field. 

NEURAL MECHANISMS 

The mediation of the cardiovascular response to 
exercise, i.e., "exercise stimulus," has been var
iously attributed to carotid and aortic baroreceptor 
and chemoreceptor activation, to effects of in
creased venous return on refl exes originating from 
the right heart, to metabolic products in muscle 
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producing Local and/or spinal reflex changes, and 
to central neural mechanisms. 1 Neural mechanisms 
appear to be of great importance in mediating the 
initial response to exercise, which involves very 
rapid changes in heart rate and blood pressure . For 
instance, the time to reach peak tachycardia is 
prolonged in dogs with cardiac denervation.2 •3 In 
addition, in men instructed to begin isometric 
effort at the onset of an auditory stimulus, 
tachycardia was observed within 0.5 sec.4 ' 5 This 
was no t considered to be related to changes in 
respiration or metabolic factors but appeared to 
be due to a central mechanism resulting in an 
abrupt inhibition of vagal tone.4 •5 

Reflex adjustments initiated by the stimulation 
of afferent nerve fibers from the exercising muscles 
are also likely to play a role in the cardiovascular 
response to exercise. There is evidence that reflex 
cardiovascular adjustments originating in the con
tracting muscles are not mediated by muscle 
spindle afferents6 but rather by small myelinated 
and urnnyelinated afferent fibers . 7 In anesthetized 
animals significant pressor effects (up to 60 mm 
Hg) occurred in proportion to the tension de
veloped in muscle after stimulating its efferent 
innervation, which were abolished by administra
tion of curare and augmented by rendering the 
muscle ischemic.8 Similar pressor responses with 
tachycardia were elicited in man during sustained 
static contraction of the forearm muscles.9 These 
studies,9 •10 as well as recent work by Liang and 
Hood, 11 suggest that afferent neural pathways are 
stimulated by metabolites in the contracting 
muscle. Liang and Hood further demonstrated an 
important role for neural t ransmission in mediat
ing the increase in cardiac output in the response 
to tissue hypermetabolism. 11 

Since exercise is accompanied by major cardio
vascular alterations, including marked tachycardia, 
increases in cardiac output and in arterial and 
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Fig. 1. Responses of aortic flow, cardiac outpu t, phasic and mean aortic pressure, and heart rate t o moderate exercise 
in an intact dog (left panel) and same dog after total arterial ba rorecepto r denervation (right panel). Note similarity of 
responses. ( Reproduced by permission of A merican Journal of Physiology. 14) 

atrial pressures, and a reduction in total peripheral 
resistance, it could be surmised that a cardio
vascular regulating mechanism as important as the 
arterial baroreceptor reflex would play a sig
nificant role in mediating and modifying the 
exercise response. Investigations in to the role of 
the arterial baroreceptor reflex in the con trol of 
the cardiovascular system during exercise have 
yielded conflicting conclusions as to their im
portance . At first it was suggested that the 
baroreceptor reflex is just as active during exercise 
as at rest. On the other hand, if the baroreceptor 
reflex was important during exercise, the occur
rence of tachycardia associated with an elevated 
pressure is opposite to the predicted response, 
since the baroreceptors should act to restrain 
heart rate in the face of an elevated pressure. 
There is now a large body of evidence suggesting 
the lack of importance of the baroreceptors during 
exercise . Studies conducted in dogs with and 
without baroreceptor isolation by Van Houtte 
et al.12 revealed little difference in the cardio-

vascular response to exercise in the two groups of 
dogs, although measurements of cardiac output 
were made not during but immediately after the 
cessation of exercise . Krasney et al. 13 also found 
that the responses of normal and baroreceptor 
denervated dogs to the stress of moderate exercise 
were qualitatively similar. More recently , a study 
was conducted in our laboratory on the effects of 
more severe exercise in dogs before and after 
recovery from denervation of both sets of carotid 
sinus and aortic baroreceptor nerves. 14 In dogs 
with baroreceptor denervation, although there 
were minor differences in the preexercise levels of 
heart rate, arterial. pressure, and stroke volume, all 
these variables rose to levels that were essentially 
identical to those observed in the dogs with intact 
baroreceptors during moderately severe exercise 
(Fig. 1 ).14 

Further support for the position that the baro
receptors are of little importance during exercise 
can be derived from studies by Bristow et al. 15 

and Cunningham et al. 16 who observed in man 
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Fig. 2. Responses of arterial pressure, mean pressure, heart rate, and calculated 1!,. heart rate (HR)/1!,. arterial pressu re 
(AP) in an intact dog at rest in response to a bolus of 5 mg i.v. methoxamine (left panel) and to 20 mg i.v. methoxamine in 
sa me dog during moderately severe exercise (middle panel ) and in a dog with total arterial baroreceptor denervation at rest 
to 0.3 mg methoxamine (right panel). Note similarity of 1!,. H R/ 1!,.AP responses in intact dog during exercise and that of 
den ervated dog at rest. ( Reproduced by permission of American Journal of Physiology.14) 

that baroreflex sensitivity was reduced during 
exercise. They assessed baroreflex sensitivity by 
examjnjng the slope of the regression line of 
systolic arterial pressure on heart rate. Arterial 
pressure was increased by intravenous injection of 
a pharmacologic agent, wruch constricts periphe ral 
vessels and exerts little effect on the heart. Since 
the slope of the regression line was depressed dur
ing exercise, they concluded that the reflex was 
either reset or turned off during exercise and the 
magni tude was in proportion to the severity of 
exercise and resultant tachycardia. 15 

• 
16 Similar 

results were obtained during maximal exercise in 
dogs, where the vasoconstricting agent was injected 
remotely by activating a raruo-controlled inter
rogator system connected to an intravenous line in 
the exercising dogs. 14 Hea.rt rate rud not slow 
appropriately with the sudden elevation o f arterial 
pressure induced by intravenous injection of 
methoxamine during exercise (Fig. 2), supporting 
the hypothesis th at the arterial baroreceptor reflex 

is inrubited during trus stress. The mechanism by 
wruch arterial baroreflex sensitivity is depressed 
during exercise is not known . However, it has been 
shown that this reflex can be profoundly affected 
by stimulation of a variety of afferent pathways as 
well as areas within the central nervous sys
tem_ 1?-20 

Another physiologic situation akin to exercise, 
where the arterial baroreceptor sensitivity is de
pressed allowing heart rate to rise in the face of 
elevated arterial pressure, is volume loarung.21 The 
original obse.rvation that tachycardia is induced by 
volume loading dates back to the work of Bain
bridge22 and has been demonstrated in the intact 
conscious animal only recently .2 1 

•
23 The rapid and 

large increases in venous return that occur with 
exercise24 point further to an important role for 
the Bainbridge reflex. The mechanism of the 
tachycardia appears to involve vagal21 

•
23 and 

spinal sympathetic reflex circuits.25
-

27 The latter 
mechanism is important to men tion, since stimula-
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Fig. 3. A typical response of aortic blood flow measured and telemetered during severe exercise. The phasic waveforms 
representing instantaneous stroke volume during exercise at the right played back at fast paper speed can be contrasted to 
the ones at the left before exercise. (Reproduced by permission of Journal of Clinical Investigation. 33) 

tion of cardiovascular sympathetic afferen t fibers28 

produce cardiovascular reflexes that operate 
through a positive feedback mechanism,25 and 
thus may be partially responsible for the increased 
sympatho-adrenal activity of exercise. This is 
opposed to reflex responses initiated by baro
receptors or vagally innervated cardiopulmonary 
receptors29

•
30 that operate through negative feed

back mechanisms. 

CARDIAC OUTPUT 

The major mechanism by which the elevated 
metabolic requirements of the exercising muscula
ture are satisfied during exercise is through an 
increase in venous return and in cardiac output. 
Cardiac output can rise up to fourfold in man31 •32 

and fivefold in the dog (Fig. 3) .33 Since the 
incremental blood fl ow is proportioned mainly to 
the exercising muscles, this additional blood flow 
provides the major capability fo r performing 
exercise. 

That cardiac ou tput rises during exercise has 
been documented extensively.31 •32 However, the 
manner in which the increase in cardiac output is 
achieved, i.e., either through an increase in heart 
rate or stroke volume, remains controversial. 
Moreover, the changes in stroke volume, whether 
due to enhanced inot ropic stimulation or to the 
influence of the Frank-Starling mechanism, re
mains a subject under intense investigation . Recent 
data on these topics will be considered next. 

HEART RATE 

Heart rate is the predominant mechanism by 
which cardiac output rises during severe exercise 
under physiologic circumstances. Of course, in 
situations where the cardiac rate response is 

limited, e.g., heart block, stroke volume plays a 
much more important role. Heart rate can rise to 
approximately 200 beats/min during maximal 
exercise in normal man32•34•35 and will rise to 
slightly over 300 beats/min in the dog. 33 Consider
ing the base-line heart rate of hu man ath.letes and 
healthy conscious dogs to be approximately 60 
beats/min, it is clear that the major mechanism 
by which an increase in cardiac output can be 
achieved is through an elevation of cardiac fre
quency. Naturally, if base-line heart rate is elevated 
prior to exercise due to excitement or anxiety, the 
relative importance of changes in stroke volume 
becomes apparently greater. This point must be 
kept in mind in the evaluation of any study in 
which the relative roles of heart rate and stroke 
volume are compared. 

Heart rate is generally regulated predom inantly 
by the au tonomic nervous system. The two major 
efferent mechanisms by which tachycardia occurs 
are either through a decrease in parasympathetic 
restraint or th rough an increase in sympathetic 
stimulation. The latter can occur eithe r by neural 
stimulation or by an elevation in ci rculating 
catecholamines. In order to determine the extent 
to which these mechanisms operate under normal 
circumstances, exercise has been studied in healthy 
dogs before and after beta adrenergic blockade 
with propranolol and parasympathetic blockade 
with atropine. As men tioned above, heart rate 
rises to 300 beats/min in the normal dog during 
maximal exercise. The administration of atropine 
to these animals increases base-line cardiac rate to 
approximately 160 beats/min. The difference be
tween that level and the one attained during 
maximal exercise is on the order of approximately 
140 beats/min, which can be attributed to the 
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sympathetic nervous system. Conversely, when 
propranolol is administered to these animals, 
resting heart rate is not altered. However, during 
maximal exercise in the presence of beta adren
ergic blockade , heart rate rises to only 160-190 
beats/min, which occurs through release of vagal 
tone confirming that the 110-140 beats/min dif
ference is due to beta adrenergic stimulation. Thus 
both the sympathetic and parasympathetic arms of 
the autonomic nervous system play an important 
role in the regulation of cardiac rate during 
exercise. 

A recent study by Schwartz and Stone provides 
an interesting concept regarding differential contri
bution of the right and left sympathetic cardiac 
innervations in mediating the adrenergic com
ponent o f tachycardia during exercise .36 In that 
study conscious dogs were studied during t readmill 
exercise after recove ry from an operation where 
either the right or left stellate ganglion was 
removed. Ablation of the left stellate ganglion did 
li ttle to the exercise tachycardia, but removal of 
the right significan tly diminished the level of heart 
ra te achieved du ring exercise, suggesting a more 
important role in mediating the response. 

STROKE VOLUME 

Since the classic work o f Starling and co
workers37•38 stroke volume has been assigned a 
preeminent role in mediating in creases in cardiac 
output under a varie ty of circumstances, including 
exercise. It is now clear that Starling was forced 
to these conclusions from the experimental model 
tha t was employed, i.e ., the heart-lung prepara
tion. In that experimental model heart rate is 
already elevated substantially and rarely increases 
further. Accordingly, increases in cardiac output 
must occur through elevations in stroke volume. 

Rushmer and colleagues challenged these classic 
views approximately two decades ago.39 They 
developed techniques to study circulatory changes 
in intact conscious animals and found, in contrast 
to classical concepts, stroke volume was relatively 
constant even du ring exercise. 39 Studies conducted 
later in our laboratory 33 and also by Horwitz 
et al.40 revealed that under more severe stress, 
during near maximal exercise, stroke volume does 
play a role in the increase in cardiac output, albeit 
not as great as the one attributed to tachycardia. 
In dogs mnning spontaneously in the field at 
speeds exceeding 20 mph, stroke volume rose 
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approximately 50% from the preexercise control 
level in the standing position.33 However, it is well 
known that heart rate rises and stroke volume falls 
upon assuming the upright posture. Thus, when 
the peak response during exercise is compared to 
the control response in the supine position , the 
maximal rise in stroke volume with exercise in the 
dog is only approximately 25%.41 In man the 
contribution of stroke volume appears to be more 
important.42-47 

The effects of posture on the response of stroke 
volume are also important in man.42 Increases in 
stroke volume play a greater role during erect 
exercise as opposed to supine exercise in man.42-47 

However, studies in which a large increase in 
stroke volume is demonstrated with exercise must 
be examined carefully to determine if the pre
exercise control heart rate was elevated due to 
anxiety or stress, since that would reduce the 
preexercise control stroke volume. Accordingly, 
when stroke volume then rose with exercise, its 
role would be apparently greater and falsely over
emphasized. 

The role of stroke volume during exercise in man 
becomes more important with training. It has been 
shown that cardiac output and arteriovenous 
oxygen difference during maximal work increase 
to a slightly greater level after training.32 While 
the cardiac output response was greater, the max
imal heart rate remains constant and only stroke 
volume increases by a greater amount.32 In sub
jects previously active these changes are less 
marked than in those that were previously 
sedentary .32 

Stroke volume can increase either through a 
reduction in afterload, an increase in preload, or 
an increase in the myocardial contractile state. 
Since the first mechanism (decrease in afterload) 
does not operate during exercise, stroke volume 
can increase due to either an increase in preload 
(Frank-Starling mechanism) or an increase in 
myocardial contrac tility . The former would result 
in an increase in ventricular end-diastolic dimen
sions, whereas the latter would act to reduce end
systolic dimensions . The importance of each of 
these mechanisms is discussed next under the 
ventricular response. 

LEFT VENT RICLE 

The manner in which the ventricles adapt to the 
augmented peripheral demands imposed by the 
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Fig. 4. A typical response to severe exercise for phasic left ventricular diameter (epicardial), veloci ty, pressure, diastolic 
pressure, dP/dt, and heart rate. Phasic waveforms at rapid paper speed in th e control period (left) can be contrasted with 
those during severe exercise (right). The arrows denote the time when the dog paused to urinate. Note that end-diastolic 
diameter fell and then rapidly increased when severe exertion was resumed. (Reproduced by permission of Journal of 
Clinical Investigation. 33) 

stress of severe exercise has been con troversial and 
the subject of intense investigation for half a 
century. In particular, the role played by the 
Frank-Starling mechanism, i.e., an increase in 
end-diastolic myocardial fiber length, in mediating 
the increased contractile response of the heart has 
been of great interest . This mechanism was at one 
time considered to be of paramount importance. 
37, 38,48- 50 Then, studies in animals during tread
mill exercise30•51 •52 and in man53- 58 demonstrated 
that end-diastolic dimensions did not increase 
with moderately severe exercise. However, the 
level of exercise in earlier studies was not maximal, 
and i t remained to be demonstrated whether in
creases in end-diastolic size could be elicited with 
more severe exertion. The development of the 
capability for telemetry of measurements of left 
ventricular pressure and dimensions59 permitted an 
assessment of the left ventricular response to 
spontaneous severe exercise without the restrain
ing or excitatory influences of the laboratory 
environment , leashes, te thers, or treadmills. 

A recent study in our laboratory using these 

techniques indicated that the left ventricular 
response to severe exercise in healthy dogs running 
at speeds over 20 mph involved very profound 
increases in heart rate often exceeding 300 beats/ 
min and increases in contractility, peak dP/dt 
increasing to fivefold. 33 With this level of exercise 
a reduction in end-systolic diameter and increases 
in end-diastolic diame ter and pressure were noted 
(Fig. 4); relative changes were even more promi
nent when endocardial rather than epicardial di
mensions were measured .33 •40 Thus, the Frank
Starling mechanism remains a mechanism by which 
the heart can augmen t its performance during 
severe exertion, although the extent of its applica
tion is limited since left ventricular end-diastolic 
dimensions attained during severe exercise do not 
exceed th ose at rest in the reclining position. 

The major restraining influence on the increase 
in diastolic cardiac size during exercise is the 
con co mi tan t tachycardia, which acts to shorten 
diastolic filling time . To dissect out the contribu
tion of tachycardia to the exercise response, 
experiments were repeated after atrial rate had 
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been elevated in resting dogs and held constant at 
levels previously achieved during exercise.33 Under 
these circumstances, similar increases in pressure 
and contractility occurred during exercise, as were 
observed in unpaced dogs, but the increases in end
diastolic dimensions were far greater (Fig. 5).33 

Thus, the major difference in the response to 
normal exercise, in comparison to exercise when 
heart rate is held constant at high levels, is the 
effect on left vent1icular dimensions (Fig. 5); far 
greater increases in end-diastolic size are observed 
during exercise when heart rate is constant, 
indicating that the tachycardia which occurs dur
ing exercise counteracts the increase in dimensions 
which would otherwise occur and might be con
sidered to mask the contribution of the Frank
Starling mechanism . 

The role of the beta adrenergic system in mediat
ing the ventricular response to exertion has been 
evaluated by examining the effects of exercise in 
dogs before and after be ta adrenergic blockade 

with propranolol (Fig. 6).33•60 As mentioned 
above , this maneuver resul ted in a significant 
reduction in the tachycardia that could be 
achieved. A more striking effect was observed in 
the inotropic response, where the increases in 
con tractility, as reflected by the force-velocity 
relationship and by c!P/dt, were largely prevented 
(Fig. 6) .33 Responses of stroke shortening and of 
stroke volume were also attenuated.33,60 Thus, 
these factors that we re influenced by beta 
adrenergic receptor blockade with propranolol 
imposed significant limitation on performance 
during exercise, which was most evident during 
maximal stress. 

ABNORMAL VENTRICULAR RESPONSES 
TO EXERCISE 

Heart Failure 

The earliest manifestations of heart failure gen
erally occur upon exertion. In the presence of 
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heart failure the enhanced metabolic needs of the 
peripheral tissues during exercise can not be met 
by appropriate elevation of cardiac output. It is 
also clear that the primary limitation on the car
diac output response to exercise is the inability of 
stroke volume to rise, since cardiac rate can still 
increase. 

The manner in which the failing heart responds 
to exercise has been sturued in much less detail 
than the normal response. A preliminary study in 
our laboratory has been conducted where measure
men ts of right ventricular pressure and dimensions 
have been telemetered from dogs during exercise 
before and after right heart failure had been 
induced by progressive pulmonary constriction 
and tricuspid regurgitation.61 Heart failure im
posed a significant limitation on the ability of the 
dogs to perform exercise, to the extent, in some 
instances, where exercise resulted in an episode of 
acute carruac failure and circulatory insufficiency. 
The major difference in the ventricular response to 
exercise was the inability to increase stroke 

shortening, a situation similar to that described 
above when the beta adrenergic system was 
blocked with propranolol. It was surprising, how
ever , that under these conditions end-diastolic 
dimensions did not increase to a greater extent. 
Thus, the Frank-Starling mechanism, which plays 
only a slight role in the normal ventricular response 
to exertion 33 appears to be of no greater im
portance in the presence of chronic heart failure. 61 

Previous sturues in man with heart failure suggest 
a more important role for the Frank-StarLing 
mechanism under these conru tions.62 

Coronary Insufficiency 

When the ability to augment coronary flow is 
limited, as occurs in ischemic heart rusease, the 
stress of exercise results in an imbalance between 
myocardial oxygen supply and demand, recognized 
clinically as angina pectoris. Coronary artery 
rusease is usually patchy and regional in nature. 
However, in a situation in which coronary flow is 
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limited to the entire ventricle and gl obal myo
cardia l ischemia occurs, or if a sufficient mass of 
myocardium is affected by local ischemia, the 
stress of exercise can then result in precipitation 
of acute cardiac failure . This was recentl y demon
strated in a conscious animal model of global 
myocardial ischemia, i.e., where a hydraulic 
occluder had previously been implanted around 
the dog's left main coronary artery, a vessel that 
supplies blood flow to practically the entire left 
ventricle in that species. This occluder was partially 
inflated when the animals were at rest, but not 
sufficiently to cause substantial impairment of 
cardiac function. 63 Thus, the animals had marginal 
global myocardial ischemia , which was tolerated 
well at rest. However , when the animals began to 
exercise, the increase d my ocardial metabolic de
mands imposed by the exercise could not be met 
by an appropriate elevation of coronary flow. The 

resultant global ventricular imbalance between 
myocardial oxygen supply and demand resulted in 
precipitation of acute cardiac failure (Fig. 7) . 

CORONARY VASCULAR BED 

Since the primary determinant of coronary 
blood flow is myocardial oxygen consumption 
(MV0 2),64 •65 it follows that the major effects of 
exercise on the coronary circulation reflect the 
changes in myocardial oxygen requirements that 
occur. Major determinants of MV O 2 include heart 
rate , left ventricular tension, and myocardial con
tracti!ity. As indicated above, severe exercise 
results in near maximal increases in heart rate and 
myocardial contractility . These changes are ac
companied by substantial increases in arterial and 
left ventricular pressures , suggesting that wall 
tension must also rise substantially. Accordingly, 
coronary flow must also rise strikingly to meet 
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the extraordinary increments in metabolic demand , 
especially since an alternative mechanism of in
creased oxygen delivery through increased arterio
venous oxygen extraction is of limited importance 
in the coronary bed. 

Studies conducted in our laboratory in which 
measurements of coronary flow and pressure were 
telemetered from normal healthy dogs running 
spontaneously behind a mobile recording unit in 
the field indicated that threefold to fivefold 
increases in left circumflex coronary blood flow 
occurred (Fig. 8).66 These findings are consistent 
with those reported by Van Citters and Franklin 
in Alaskan sled dogs67 and by Khouri et al.68 

using electromagnetic-flowmeters for the measure
ment of coronary flow during treadmill exercise in 
dogs. 

Since increasing heart rate in conscious dogs is 
known to increase coronary blood flow and to 
decrease coronary vascular resistance, it was con
sidered important to determine the role of tachy
cardia in the coronary vasodilation of severe 
exercise. The contribution of heart rate was 
detennined by increasing heart rate in the resting 
dogs to the exercise level and comparing the find
ings with those obtained at an identical rate during 
severe exercise.66 It was found that simply raising 
heart rate at rest to exercise levels increased 
coronary flow by approximately 50% and that 
the increase in heart rate was responsible for 
approximately one-third of the increase in coro-

nary blood flow that normally occurs during 
strenuous exercise. 

LI MB (M USCLE ) FLOW 

The rising metabolic demands in the exe rcising 
muscles primarily reflect the requirements for 
blood flow in that part of the circulation with 
exercise. While exercising muscles can partially 
satisfy increased metabolic demand through in
creases in arteriovenous oxygen extraction on the 
one hand and a shift to anaerobic metabolism 
on the other, the major compensatory mechanism 
involves an increase in blood flow. The marked 
increase in muscle blood flow provides the re
quired oxygen and metabolic substrates, removes 
waste products of metabolism , and also dissipates 
the excess heat produced.69 This increase in flow 
is partially due to the concomitant elevation in 
aortic pressure but is primarily due to a substantial 
reduction in muscle vascular resistance. Although 
central mechanisms may be responsible for vasodi
lation initiated even with anticipation of exercise, 
the vasodilation during exercise is thought to be 
mainly a local process, mediated by the influence 
of several metabolic factors. 70 In the exercising 
muscles there is an increase in heat production , a 
widened arteriovenous 0 2 difference, with de
creased pH and p0 2 in the venous effluent 
blood,71 ' 72 and an increase in tissue osmolali ty,73 

with increased interstitial K+ concentration ,74 all 
of which may act additively in the production of 
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the functional hyperemia of severe exercise. 75 

Moreover, recent evidence suggests that adenosine, 
considered as a possible regulator of coronary 
vessels, may also play a role in regulation of 
muscle blood flow . 76 

Metabolic factors not only play a role in regula
tion of local muscle blood flow, but also appear to 
be o f importance in mediating the increase in 
cardiac output. In support of this concept are the 
recent studies by Liang and Hood, suggesting that 
an afferen t neural pathway exists, which is sensi
tive to metabolic changes in peripheral tissues and 
can result in an elevation in cardiac output. 11 

The role of metabolic factors can change with 
physical training. In rats conditioned to swim for 
several week s, training improved potential ae robic 
cardiac performance 77 as well as increased capac
ity for oxygen delivery and highe r levels of 
actomyosin and myosin ATPase activity. The 
effects of training on skeletal muscle me tabolism 
include increases in glycerolipids, en zymes for lipid 
metabolism, and a shift toward fatty acid metab
olism, elevations of myoglobin, citric acid com
ponents, and cytoch rome compounds. 78' 79 It has 
also been suggested that ch emical changes may 
occur at the contractile protein level. 

The increased energy production and expendi
ture of the contracting muscles require in turn a 
greate r oxygen su pply, which is me t secondarily 
through increased oxygen extraction but primarily 
tlu-ough inc reased blood flow. Increases in limb 
blood flow, roughly fivefold to tenfold, are 
routinely recorded in conscious dogs during near 
maximal exe rtion .67•80 Most of these studies have 
measu red to tal limb flow including blood flow to 
bone and skin ; accordingly , the fra ction to muscle 
alone may well exceed the figures for to tal limb 
flow, since skin and bone requirements for blood 
flow do not rise with exercise . 

While sympathetic vasoconstriction occurs in the 
muscle bed at rest, as well as visceral beds during 
exercise, and has also been demonstrated in the 
resting upper extremity during leg exercise,81 the 
extent to which sympathetic vasoconstrictor tone 
regulates the muscle bed during exercise is not 
established . On the one h and , studies in dogs dur
ing t readmill exercise suggest that sympathetic 
vasoconstrictor tone is not completely abolished 
even in the presence of exercise-induced dilatation. 
This sugges tion is based on the finding th at 
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electrical stimulation of the carotid-sinus nerves , 
which results in substantial withdrawal of sym 
pathetic tone at rest , was able to dilate the limb 
further during exercise as well.82 However, the 
exercise stimulus in these studies was not severe. 
On the other hand, s tudies by Donald et al. did 
not discern a difference be tween the dilatation 
occurring in limbs with intact nerves and without 
neural innervation in dogs during treadmill exer
cise,83 suggesting that sympatholysis occurs nor
mally in the limb during exercise and that the 
overriding control of muscle flow during the 
response is me tabolic. 

MESENTERIC AND RENAL BEDS 

As men tioned earlier, the exercising musculature 
satisfies its augmented requirements from (1) in
creased arteriovenous oxygen extraction, (2) a 
shift in metabolism resulting in increased anaerobic 
metabolism and lactate production , and (3) a 
reduction in vascular resistance to blood flow 
resulting in an augmentation of muscle blood flow. 
In addition, another compensatory mechanism 
involving sufficient increases in vascular resistances 
to reduce visceral blood flow , which can then be 
shun ted to the exercising muscle, is thought to 
operate . The early experimental basis for this 
concept was de rived from studies in humans, with 
observations of altered renal function (i.e., pro
teinuria and oliguria with exercise), suggesting that 
renal arterial vasoconstriction occurred.84 •85 Ex
tetiorized colons o f dogs were observed to blanch 
during exercise,86 and spleens of dogs were ob
served to decrease in size, suggesting splanchnic 
vasoconstriction.87 Further support for the theory 
that visceral flow decreased during exercise came 
from s tudies in anesthetized animals where exercise 
was simula ted or where stimulation of sympathetic 
nerves to the mesenteric and renal vessels or the 
infusion of catecholamines decreased mesenteric 
and renal blood flows.88-90 Most important, h ow
ever, are the numerous investigation utilizing 
indirect techniques for measuring regional blood 
flow in normal man, which indicate that renal and 
splanchnic blood flows decrease with exercise and 
that the reduction in flow is roughly proportional 
to tl1e severity o f the exercise. 31 •91-95 Considering 
the weight of this evidence in combination with 
the teleologic attractiveness of an efficient mecha-
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nism for the diversion of "nonessential" visceral 
flow to the exercising musculature , it is not su r
prising that the hypothesis of shun ting of blood 
from the viscera to skeletal muscle during exercise 
has bec~me widely accepted. 

In contrast to all these studies, direct measure
ments of renal and mesenteric blood flows in in tact 
conscious dogs during exercise indicate that renal 
and mesenteric blood flows do not decrease during 
exercise. 67 •80 •96 •97 These investigations show that 
although flow to the hindlimb increases by as 
much as 12-fold, after an initial transient decline 
mesenteric and renal blood flows remained rela
tively constant during steady-state severe exercise 
(Fig. 9). The earlier studies utilizing treadmill 
exercise 96 •97 were criticized on the basis that the 
level of exercise attained was not severe enough 
and that diversion of blood flow might only occur 
during stress. To resolve this controversy, Van 
Citters and Franklin studied the responses of 
Alaskan sled dogs running long distances in sub
zero temperatures while pulling a sled.67 Even 
under such extreme circumstances, to the point of 

prostration , mesenteric and renal blood flows did 
not decrease. Criticism of this study was direc ted 
to the use of sled dogs , which are unusual animals 
specially adapted through training and breeding 
for exercise and thus might not show the com
pensatory shunting of visceral blood flow . 

To obviate this criticism, measurements of 
mesenteric, renal, and iliac blood flows and aortic 
blood pressure were telemetered fro m normal 
healthy untrained mongre l dogs while they ran 
spontaneously behind a mobile recording unit for 
distances averaging 1.5 miles and ranging up to 6 
miles at speeds over 20 mph, what may reasonably 
be considered to be near maximum workloads.80 

The dogs required 45 min of rest for cardiovascular 
and respiratory function to recover from this 
degree of exe rcise. In these dogs heart rate in
creased from 85 to 290 beats/min and iliac blood 
flow rose to approximately 1.2 liters/min; yet 
renal and mesenteric blood flows after an initial 
transient reduction remained essentially at pre
exercise control levels during steady-state severe 
exercise (Fig. 1).80 
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Thus in normal heal thy mongrel dogs the pe
ripheral vascular response to severe exercise does 
not involve a compensatory reduction of visceral 
blood flow, as specifically indicated by mesenteric 
and renal arterial blood flows. In this regard these 
findings are in agreement with the earlier studies 
utilizing treadmill exercise and the findings of 
Van Citters and Franklin in Alaskan sled dogs. 
These findings do not support the conclusions of 
previous investigations of visceral flow during 
simulated exercise in anesthetized preparations or 
the prior studies in conscious humans that sug
gested that marked reductions in visceral blood 
flows occurred. The differences between findings 
in conscious animals and those in anesthetized 
preparations may be explained on the basis of the 
inherent difficulties of studying exercise, a func
tion intrinsically peculiar to intact conscious 
organisms and difficult to simulate in anesthetized 
animals lying on the surgical table. The differences 
between findings in conscious animals and those in 
conscious humans are more difficult to explain 
and may be due either to differences in species or 
instrumentation. Measurements of blood flow in 
conscious humans are necessarily indirect, whereas 
in animal studies blood-flow transducers are ap
plied directly to the renal and mesenteric arteries. 

Although the peripheral vascular response to 
severe exercise in normal dogs does no t involve a 
reduction in visceral flow, significant increases in 
renal and mesen teric resistances do occur. In 
normal dogs during maximal exercise arterial pres
sure increases by approximately 50%. Since blood 
flow to the gut and kidney remained essentially 
constant, the increases in mesenteric and renal 
resistance parallel the increases observed in arterial 
blood pressure and are roughly related to the 
severity of exercise. 

One important difference in the canine and 
human responses to exercise is the role of the 
spleen. The spleen serves as an important blood 
reservoir in both the cat and the dog. Splenic 
constriction occurs with neural adrenergic stimula
tion, hemorrhage, shock, anoxia, and exercise, 
resulting in an augmentation of hematocrit and 
thereby in the oxygen-carrying capacity of the 
blood. In man the spleen plays a lesser role, since 
it is much smaller in relation to total body size 
and is not considered to have a reservoir function. 
The splenic-reserve mechanism in the dog could 
thus be responsible for some differences between 
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the responses of the dog and humans to exercise. 
Accordingly, to test this hypothesis, the responses 
of hematocrit and mesenteric and renal blood 
flows and resistances were studied in healthy 
normal unrestrained dogs as they ran sponta
neously in the field at speeds exceeding 20 mph 
before and after splenectomy. 98 

Capability for severe exercise appeared to be 
identical before and after splenectomy, but the 
responses of hematocrit and visceral flows and 
resistances were markedly different. During severe 
exercise in normal healthy dogs, hematocrit in
creased by almost one-fifth of the resting pre
exercise value (from 40% to 49%); in contrast, no 
increase in hematocri t occurred with exercise 
following splenectomy. During near maximal 
steady-state exercise prior to splenectomy, renal 
and mesenteric blood flows remained essentially 
constant, although calculated resistance rose mod
estly, as stated earlier. In the same dogs following 
splenectomy the increases in mesenteric and renal 
resistances were significantly greater and were 
sufficient to reduce blood flow substantially. 
Although these reductions in flow and increases in 
renal and mesenteric resistances observed in 
splenectomized dogs were greater than the values 
prior to splenectomy, they were not as great or as 
sustained as those that occurred during severe 
exercise in dogs with experimentaJly induced heart 
failure. Furthermore, when exercise was moderate 
following splenectomy (<15 mph on the level or 
<IO mph on the incline) , renal and mesenteric 
flows were generally maintained, and they de
creased only during near maximal exertion.98 Thus, 
this mechanism may explain in part the dis
crepancies observed between exercise responses in 
normal dogs and man. 

EFFECTS OF CIRCULATORY IMPAIRMENT 
ON RENAL AND MESENTERIC RESPONSES 

The responses of the mesenteric and renal beds 
to severe exercise were significantly different when 
0 2 delivery to the exercising muscles was im
paired . Three types of circulatory impairment 
were examined: (1) surgically induced complete 
heart block,80 in which normal increases in heart 
rate during exercise are prevented ; (2) congestive 
right heart failure, in which normal increases in 
stroke volume are prevented (Fig. 10)99 •100 ; and 
(3) severe chronic anemia in which the oxygen-
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Fig. 10. Typical renal responses to severe exercise in a dog with experimental congestive heart failure. Note the severe 
reduction in renal blood flow and the increase in renal resistance in the innervated kidney (left) that is largely, but not 
completely, relieved by surgical denervation (right) . (Reproduced by permission of Circulation Research. 100 ) 

carrying capacity of the circulation is markedly 
reduced.101 In these dogs diversion of blood flow 
from the inactive viscera to the exercising muscle 
occurred, i.e., sustained reduction in renal and 
mesenteric blood flows occurred during severe 
exercise in dogs with circulatory impairment. In 
some instances renal and mesenteric blood flows 
decreased by as much as 90% from preexercise 
control levels (Fig. 10). 

While arterial pressure rose less during exercise 
in dogs with circulatory impairment, renal and 
mesenteric resistances rose by far greater amounts 
than in normal dogs; intense visceral vasoconst ric
tion occurred, almost resulting in cessation of flow 
to the kidney and gut in some animals. Thus, the 
response to severe exercise in normal dogs does 
not involve sustained reductions in visceral blood 
flows; but when normal compensatory adjustments 
to exercise are limited, reductions of renal and 
mesenteric blood flows occur. 

THE ROLE OF SYMPATHETIC CONTROL 
OF THE RENAL BED DURING EXERCISE 

The extent of sympathetic neural control of the 
renal vascular bed during exercise was determined 
in healthy dogs by comparing responses to exercise 
in animals with ultrasonic-flow probes implanted 

on paired innervated and denervated kidneys. 
Although the initial transient faU in renal flow was 
prevented by renal denervation, the steady-state 
levels of renal vascular resistance during severe 
exercise were similar in normal kidneys, denervated 
kidneys, and denervated kidneys foUowing alpha
receptor blockade, indicating that renal nerves or 
circulating catecholamines participated little in the 
normal renal vascular response to severe exercise. 
Thus , in the normal healthy dog the primary 
mechanism of regulation of renal blood flow 
during severe exercise does not appear to involve 
the sympatho-adrenal system; the evidence sug
gests that an autoregulatory process or another 
nonadrenergic mech anism prevails. Renal auto
regulation has been demonstrated to be effective 
over the arterial pressure range encountered in 
these experiment s and could account for the 
elevated renal vascular resistance observed during 
severe exercise.102 Recent evidence suggests that 
local prostaglandin release by the kidney is re
sponsible for autoregulation of renal blood fl ow in 
the face of reduced renal arterial pressure and 
hemorrhage. 103- 105 The possibility exists that 
prostaglandins are released during exercise, 
counteracting the effects of alpha adrenergic 
vasoconstriction. 
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In contrast to the renal vascular response ob
served during exercise in healthy dogs, dogs with 
expedmental congestive heart failure during exer
cise demonstrate a striking elevation in renal 
vascular resistance in the innervated kidney, an 
elevation sufficient to reduce renal blood flow 
drastically. Thus although autoregulatory or other 
nonadrenergic mechanisms prevail during severe 
exercise in normal dogs, an increase in cardio
vascular stress, as in the presence of heart failure, 
allows the adrenergic mechanism to act in reserve 
and to reduce and divert renal blood flow. Other 
studies from our laboratory have demonstrated 
similar powerful visceral vasoconstri.ction and 
blood flow reduction in dogs with limited heart 
rate or with limited oxygen-carrying capacity 
during exercise.80 ,99- 101 When renal nerves were 
removed, the intense vasoconstriction was 
markedly attenuated in dogs with heart failure 
(Fig. 10), indicating that the major portion of the 
renal vasoconstriction during exercise in dogs with 
heart failure is due to activation of renal sym
pathetic nerves. 

Even in the denervated kidneys of dogs with 
heart failure, renal resistance increased and renal 
blood flow decreased during severe exercise, albeit 
less than in dogs without heart failure, indicating 
that neurally mediated renal vasoconstriction 
could not solely account for the vasoconstrictor 
response . lt is possible that circulating catechol
amines could produce the remaining renal vaso
constriction. This hypothesis was substantiated by 
studies after alpha-receptor blockade in dogs with 
neural denervation ; the exe rcise-induced renal 
vasoconstriction tended to be further attenu
ated.100 

Therefore the response of the renal vascular bed 
to severe exercise in normal healthy dogs is 
governed primarily by autoregulation or otheJ 
nonadrenergic mechanisms, and little contribution 
is made by either renal sympathetic nerves or 
adrenal medullary hormones. In dogs with circula
to1y impairment, adrenergic renal vasoconstriction 
predominates, reducing renal blood flow appreci
ably during severe exercise. Renal blood tlow 
reduction is primarily mediated by renal nerves in 
dogs under abnormal cardiovascular stress, since 
the renal vasoconstriction can be extensively 
alleviated by elimination of renal sympathetic 
nerves. To a lesser extent renal vasoconstriction is 
mediated by circulating catecholamines , which can 
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be prevented by the addition of an alpha adren
ergic antagonist. 

SUMMARY 

The integrated response to severe exercise in
volves fourfold to fivefold increases in cardiac 
output, which are due primarily to increases in 
cardiac rate and to a lesser extent to augmentation 
of stroke volume. The increase in stroke volume is 
partly due to an increase in end-diastolic cardiac 
size (Frank- Starling mechanism) and secondarily 
due to a reduction in end-systolic cardiac size. The 
fuU role of the Frank- Starling mechanism is 
masked by the concomitant tachycardia. The 
reduction in end-systolic dimensions can be related 
to increased contractility, mediated by beta adren
ergic stimulation. Beta adrenergic blockade pre
vents the inotropic response, the decrease in end
systolic dimensions, and approximately 50% of 
the tachycardi.a of exercise. 

The enhanced cardiac output is distributed 
preferentially to the exercising muscles including 
the heart. Blood flow to the heart increases four
fold to fivefold as well, mainly reflecting the 
augmented metabolic requirements of the myo
cardium due to near maximal increases in cardiac 
rate and contractility. Blood flow to the inactive 
viscera (e.g., kidney and gastrointestinal tract) is 
maintained during severe exercise in the normal 
dog. It is suggested that local autoregulatory 
mechanisms are responsible for maintained visceral 
flow in the face of neural and hormonal autonomic 
drive, which acts to constrict renal and mesenteric 
vessels and to reduce blood flow . However, in the 
presence of circulatory impairment, where oxygen 
delivery to the exercising muscles is impaired as 
occurs to complete heart block where nonnal heart 
rate increases during exercise are prevented, or in 
congestive right heart failure , where nom1al stroke 
volume increases during exercise are impaired, or 
in the presence of severe anemia, where oxygen
carrying capacity of the blood is limited, visceral 
blood flows are reduced drastically and blood is 
diverted to the exercising musculature. Thus, 
visceral flow is normally maintained during severe 
exercise as long as all other compensatory, mech
anisms remain intact. However, when any other 
compensatory mechanism is disrupted (even the 
elimination of splenic reserve in the dog), reduc
tion and diversion of visceral flow occur. 
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