
CARDIOVASCULAR ADJUSTMENTS 

stroke volume at rest and during exercise in human beings. 
J Clin Invest 30: 1208, 1960 

43. Chapman CB, Baker 0 , Mitchell JH: Left ven
tricular function at rest and during exercise. J Clin Invest 
38: 1202, 195 9 

44. Mitchell JH, Sproule BJ, Chapman CB: The 
physiological meaning of the maximal oxygen intake test. 
J Clin invest 37:S 38, 1958 

45. BevegardS, Holmgren A, Jonsson B: Effect of body 
position on the circulation at rest and during exercise, 
with special reference to the influence on the stroke 
volume. Acta Physiol Scand 49:279, 1960 

46. Epstein SE, Robinson BF, Kahler RL, et al: Effects 
of beta-adrenergic blockade on the cardiac response to 
maximal and submaximal exercise in man. J Clin Invest 
44:1745, 1965 

47. Robinson BF, Epstein SE, Kahler RL, et al: 
Circulatory effects of acute expansion of blood volume: 
studies during maximal exercise and at rest. Circ Res 
19:26, 1966 

48. Bainbridge FA: The Physi.ology of Muscular Exer
cise. London, Longmans, Green, 1919 

49. Means JH , Newburgh LH : The effect of caffeine 
upon the blood flow in normal human subjects. J 
Pharmaco l Exp Ther 7:449, 1915 

SO. Lindhard J: Ueber die Regulierung des KreisJaufes 
im gesunden und kranken Organism us. Cardiologia 1: 366, 
1937 

S 1. Franklin DL, Ellis RM , Rushmer RF : Aortic blood 
flow in dogs during treadmill exercise. J Appl Physiol 
14:809, 1959 

52. Rushmer RF, Smith 0, F ranklin D: Mechanisms of 
cardiac control in exercise. Circ Res 7:602, 1959 

53. Sonnenblick EH, Braunwald E, Williams JF Jr, 
et al: Effects of exercise on myocardial force-velocity 
relations in in tact unanesthetized man: relative mies of 
changes in heart rate, sympathetic activity, and ventricular 
dimensions. J Clin Invest 44:2051, 1965 

54. Braunwald E, Goldblatt A, Harrison DC, et al: 
Studies on cardiac dimensions in intact, unanesthetized 
man. III. Effects of mu scular exercise. Circ Res 13:460, 
1963 

55. Gorlin R, Cohen LS , Elliott WC, et al: Effect of 
supine exercise on left ventricular volume and oxygen 
consumption in man. Circulation 32:361, 1965 

56. Kjellberg SR, Rudhe U, Sjostrand T: The amount 
of hemoglobin (blood volume) in relation to the pulse 
rate and heart volume during work. Acta Physiol Scand 
19: 152, 1950 

57. Bruce TA, Chapman CB, Baker O, et al: The role 
of autonomic and myocardial factors in cardiac control. 
J Clin Invest 42:721, 1963 

58. Braunwald E, Sonnenblick EH, Ross J Jr, et al: An 
analysis of the cardiac response to exercise. Circ Res 
20(Suppl 1):44, 1967 

59. Patrick TA, Vatner SF, Kemper WS, et al: Telem
etry of left ventricular diameter and pressure measure
ments fro m unrestrained animals. J ApplPhysiol 37:276, 
1974 

60. Horwitz LD, Atkins JM, Leshin SJ: Effect of beta 
adrenergic blockade on left ventricular function in exer
cise. Am J Physiol 227:839, 1974 

107 

61. Vatner SF: Response of the failing heart to severe 
exercise. Clin Res 24:422A, 1976 

62 . Rapaport E, Wong M, Ferguson RE, et al: Right 
ventricular volumes in patients with and without heart 
failu re. Circulation 31:5 31, 1965 

63. Vatner SF, McRitchie RJ, Maroko PR, et al: Effects 
of cathecholamines, exercise, and nitroglycerin on the 
normal and ischemic myocardium in conscious dogs. 
J Clin Invest 54:563, 1974 

64. Berne RM: Regulation of coronary blood flow . 
Physiol Rev44:1, 1964 

65. Braunwald E: Control of myocardial oxygen con
sumption: Physiologic and clinical consideration. Am J 
Cardiol 27:416, 1971 

66. Vatner SF, Higgins CB, Franklin D, et al: Role of 
tachycardia in mediating the coronary hemodynamic 
response to severe exercise. J Appl Physiol 32: 380, 1972 

67. Van Citters RL, Franklin DL: Cardiovascular per
formance of Alaska sled dogs during exercise. Circ Res 
24: 33, 1969 

68. Khouri EM, Gregg DE, Rayford CR: Effects of 
exercise on cardiac output, left coronary flow and myo
cardial metabolism in the unanestheti:zed dog. Circ Res 
17:427, 1965 

69. Robinson S: Physiology of muscular exercise, in 
Mountcastle VB (ed): Medical Physiology. Saint Louis, 
Mosby, 1974, p 127 3 

70. Johnson PC: The microcirculation, and lo cal and 
humoral control of the circulation, in Guyton AC, Jones 
CE (eds): MTP International Review of Science. Cardio
vascular Physiology . Baltimore , University Park Press, 
1974, p 163 

71. Thomson JM, Dempsey JA, Chosy LW, et al: 
Oxygen transport and oxyhemoglobin dissociation during 
prolonged muscular work. J Appl Physiol 37:658, 1974 

72. Keul J , Doll E: Intermittent exercise: metabolites, 
Po2 , and acid-base equilibrium in the blood . J Appl 
Physiol 34:220, 1973 

73. Mellander S, Lundvall J: Role of tissue hyperos
molarity in exercise hyperemia. Circ Res 28(Suppl 1): 39, 
1971 

74. Kjellmer I: The potassium ion as a vasodilator dur
ing muscular exercise. Acta Physiol Scand 63:460, 1965 

75. Skinner NS Jr, Costin JC: Interactions between 
oxygen, potassium, and osmolality in regulation of 
skeletal muscle blood flow. Circ Res 28(Suppl 1):73, 
1971 

76. Berne RM , Rubio R, Dobson JG Jr, et al: Adeno
sine and adenine nucleotides as possible mediators of 
cardiac and skeletal muscle blood flow regulation. Circ 
Res 28(Suppl 1):115, 1971 

77. Scheuer J , Penpargkul S, Bhan AK: Experimental 
observations on the effects of physical training upon 
intrinsic cardiac physiology and biochemistry. Am J 
Cardiol 33:744, 1974 

78. Pernow B, Saltin B: Muscle Me tabolism During 
Exercise. Advances in Experimental Medicine and Bi
ology, vol 2. New York, Plenum Press, 1971 

79. Scheuer J: Physical training and intrinsic cardiac 
adaptations. Circulation 4 7: 677, 197 3 

80. Vatner SF, Higgins CB, White S, et al: The 
peripheral vascular response to severe exercise in un-



108 

tethered dogs before and after complete heart block. J 
Clin Invest 50:1950, 1971 

81. Blair DA , Glover WE, Roddie IC: Vasomotor 
responses in the human arm during leg exercise. Circ Res 
9:264, 1961 

82. Vatner SF, Franklin D, Van Citters RL, et al: 
Effects of carotid sinus nerve stimulation on blood-flow 
distribution in conscious dogs at rest and during exercise. 
CircRes27:495, 1970 

83. Donald DE, Rowland DJ, Ferguson DA: Similarity 
of blood flow in the normal and the sympathectomized 
dog hindlimb during graded exercise. Circ Res 26: 185, 
1970 

84. Collier W: Functional albuminuria in athletes. Br 
Med J 1:4, 1907 

85. MacKeith NW, Pembrey MS, Spurrell WR, et al: 
Observations on the adjustment of the human body to 
muscular work. Proc R Soc Lond (Biol) 95 :413, I 923 

86. Barcroft J, Harris HA, Orahovats D, et al: A 
contribu tion to the physiology of the spleen. J Physiol 
(Lond) 60:443, 1925 

87. Barcroft J, Florey H: The effects of exercise on the 
vascular conditions in the spleen and colon. J Physiol 
(Lond) 68:181 , 1929 

88. Krogh A: The regulation of the supply of blood to 
the right heart with a description of a new circulation 
model. Scand Arch Physiol 27:227, 1912 

89. Green HD, Hoff EC: Effects of faradicstimulation 
of the cerebral cortex on limb and renal volumes in the 
cat and monkey. Am J Physiol 118:641, 1937 

90. Wexler I , Kao FK: Neural and humoral factors 
affecting canine renal b lood flow during induced muscular 
work. Am J Physiol 218:755, 1970 

91. Rowell LB : Human cardiovascular adjustments to 
exercise and thermal stress. Physiol Rev 54: 75, 197 4 

92. Chapman CB, Henschel A, Minckler J, et al: The 
effect of exercise on renal plasma flow in normal male 
subjects. J Clin Invest 27 :639, 1948 

93. Bucht H, Ek J, Eliasch H, et al: The effect of 
exercise in the recumbent position on the renal circulation 
and sodium excretion in normal individuals. Acta Physiol 
Scand 28:95, 1953 

94. Wade OL, Combes B, Childs AW, et al: The effect 
of exercise 011 the splanchnic blood flow and splanchnic 
blood volume in normal man. Clin Sci 15:457, 1956 

VATNER AND PAGANI 

95. Rowell LB, Blackmon JR, Bruce RA: Indocyanine 
green clearance and estimated hepatic blood flow during 
mild to maximal exercise in uprigh t man. J Clin Invest 
43:1677, 1964 

96. Herrick JF , Grindlay JH, Baldes EJ, et al : Effect o f 
exercise on the blood flow in the superior mesenteric, 
renal and common iliac arteries. Am J Physiol 128:338, 
1939 

97. Rushmer RF, Franklin DL, Van Citters RL, et al: 
Changes in peripheral blood flow distribution in healthy 
dogs. Circ Res 9:675, 1961 

98. Vatner SF, Higgins CB, Millard RW, e t al: Ro le of 
the spleen in the peripheral vascular response to severe 
exercise in untethered dogs. Cardiovasc Res 8:276, 1974 

99. Higgins CB, Vatner SF, Franklin D, et al: Effects 
of experimentally produced heart failure on the peripheral 
vascular response to severe exercise in conscious dogs. 
Circ Res 31:186, 1972 

100. Millard RW, Higgins CB, Franklin D, et al : 
Regulation of the renal circulation during severe exercise 
in normal dogs and dogs with experimental heart failure. 
Circ Res 31 :881, 1972 

101. Vatner SF, Higgins CB, Franklin D: Regional 
circulatory adjustments to moderate and severe chronic 
anemia in conscious dogs at rest and during exercise. Circ 
Res 30:731, 1972 

102. Selkurt EE: The renal circulation, in Hamilton 
WF, Dow P (eds): Handbook of Physiology, sec 2, vol 2, 
Circulation. Baltimore, Williams & Wilkins, 1963, p I 457 

103. Vane JR: Inh ibition of prostaglandin synthesis as 
a mechanism of action for aspirin-like drugs. Nature (New 
Biol) 231:232, 1971 

104. McGiff JC, Terragno NA, Malik KU, et al: Release 
of a prostaglandin E-like substance from canine kidney by 
bradykinin: Comparison with eledoisin. Circ Res 31:36, 
1972 

105. Vatner SF: Effects of hemorrhage on regional 
blood flow distribution in dogs and primates. J Clin 
Invest 54: 225, 1974 

106. Vatner SF, Patr ick TA: Radiotelemetry of blood 
flow and pressure measurements in untethered conscious 
animals. Bibi Cardiol 34:1, 1974 

I> 



Reprinted rrom C ircula tio n Resea rch 
Vol. 39. No. 5. November 1976 

The Role of Arterial Baroreceptors in the Regulation 
of Arterial Pressure in Conscious Dogs 

ROB ERT J. M c R1Tc H1 E, M.B. , ST EPH Et · F. VAT ER, M.D., Guy R . HEY DRlCKX , M . D. , 

AND EUG E1 E 8RA U1 WALD, M.D. 

S M !ARY To elucidate the role of arterial baroreceptors in the 
acute regulation of arterial ressure in the conscious animal, arterial 

return to control levels, as well as the absolute change in arterial 
pressure, was considered (the pressure-time product), responses of 
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SUMMARY To elucidate the role of arterial ba roreceplors in the 
acute regulation of a rterial pressure in the conscious animal, ar terial 
pressure was lowered and raised in intact, conscious dogs, and in dogs 
after bilateral section of both carot id sinus a nd aortic nen-es ( total 
a rterial ba roreceptor denen-ation, TABD}. P ressure was altered by 
intra, enous bolus injections and cont inuous infusions of nitroglycerin 
and methoxamine and also by hemorrhage. TA BD resulted in a 
change in peak mean arterial pressure 2-4 times as great as that seen 
in intact dogs following injection of nilroj!lycerin or methoxamine. 
H owever, when the time ta ken fo r the arterial pressure disturbance to 

TH E ROLE of the major a rterial baroreceptors in the 
regulation of a rterial pressure has been a subject of consider
able investigation.•·•• Most studies de lineating the fu nct ion 
of these receptors have been performed in a variety of 
a nimal species a nd preparations, the majority of which have 
been a nesthetized. H owever, since general anesthesia is now 
known to affect many aspects of circulatory control," 
including the funct ion of the baroreceptors, 16

· 
17 there is 

increasing interest in the role of these receptors in the 
conscious sta le. Accordingly, more recent stud ies have been 
performed in conscious dogs with de nervated barorecep
tors. '· 2 · ' · 10 A recent s tudy by Cowley et al. ' demonst rated 
that the a rteria l baroreceptor reflexes were not of im por
tance in long-term regulation of arterial pressure. 

The goal of the present investigation was to examine the 
role of the carotid sinus and aortic nerves in regu lat ion of 
a rteria l pressure in response to acute hypotension and 
hypertension induced by a lterat ions in peripheral vascula r 
resistance, accomplished by injecti ng nitroglycerin and 
methoxamine int ravenously. These drugs have little d irect 
e ffect on the heart or centra l nervous system, but primarily 
affect the vascula r bed to lower and rai se a rterial pressure. 18 

In addition, the acute response to hypotension induced by 
rapid hemorrhage was examined. T he role of the arterial 
baroreceptors was assessed by compari ng the responses of 
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return lo control le,·els, as well as the absolute change in arterial 
pressure, was considered (the pressure-time product), responses of 
dogs with TA BD were fa r greater for nitroglycerin 17 - 9 times that 
seen in intact dogs) and methoxamine ( 11- 15 times). Arterial 

pressure responses of dogs with selective section of the carotid si
nus nerves were intermediate but closer 10 those of intact dogs than 
to dogs with T ABD. With infusion of drugs or following hemor
rhage. responses of mean arter ial pressure were 3~ to 5-fo ld greater 
in dogs with T ABD than in intact dogs, indicating tha t the static 
open loop gain of the arterial baroreceptor system ranged from 2 to 4 . 
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arterial pressure and heart rate before and after recovery 
from bilate ral denervation of both the aort ic and carot id 
sinus nerves, i.e ., total arteria l baroreceptor denervation 
(T ABD), and after recovery from denervat ion of only the 
carotid sinus nerves, leaving the aort ic nerves in tact. 

Methods 

A mid li ne cervical incision was made and the carotid sinus 
nerves were sectioned bi latera lly in seven dogs under 
pentoba rbital N a anesthesia, 30 mg/ kg. In 25 dogs both the 
carotid sinus and aortic nerves were sectioned bilatera lly 
(TA BD). Adequacy of carot id sinus nerve section was 
confi rmed in all dogs at opera tion and in five dogs 1- 2 weeks 
later by observing no change in arterial pressure or heart 
rate to bilateral carot id artery occlusion. The aortic nerves 
were sectioned according to the techn ique described by Edis 
and Shepherd. 3 The completeness of T AB D was confirmed 
at operation and a lso in the conscious dogs on the day of 
study by observing the reflex heart rate responses to an 
intravenous bolus of nitroglycerin (nitroglycerin USP, 
L illy), 48 J.Lg/kg. Absence of heart rate changes fo llowing 
nitroglycerin and methoxam ine was accepted as confi rma
tion of TA BD. Any dog showing a reflex heart rate response 
of more than 6 beats/ min in a d irection opposite to that of 
arterial pressure was excluded from the study. This resulted 
in excluding 13 of 25 dogs in which T A BD was attem pted. 

Arteria l pressu re was sampled through the catheter 
previously implanted in the aorta and measured with a 
calibrated Statha m P23 Db st rai n gauge manometer. A 
cardio tachometer, t riggered by the signal from the a rte rial 
pressure pulse, provided instantaneous and cont inuous rec
ords of heart rate. Data were recorded on a m ult icha nnel 
tape recorder and played back on a direct-writ ing oscillo
graph at a paper speed of I mm/sec. Stat istical a na lysis was 
performed on the data according to standard techniques. 19 

Eighteen dogs were stud ied in the intact conscious state 
and 12 dogs 2- 4 weeks fo llowing T A BD. Five of these 12 



ARTERIAL BARORECEPTORS IN CONSCIOUS DOGS/McRitchie et al. 667 

dogs were studied both before and following denervation. 
All studies were carried out with the unsedated, trained dogs 
lying quietly in a darkened laboratory in order to avoid the 
wide fluctuations in arterial pressure that occur in dener
vated dogs if they are disturbed or excited. 1. ' 

Nitroglycerin a nd methoxamine were administered intra
venously in bolus doses of 2, 4, 12, 24, and 48 µg/kg in a 
volume of I ml through a n indwelling catheter. In addition, 
five intact dogs were infused with nitroglycerin (4, 8, 16, a nd 
32 µg/kg per min) and methoxamine (8, 16, and 32 µg/kg 
per min), allowing 120 seconds for stabilization at each 
dose level. In addition to peak changes in mea n arterial 
pressure and heart rate produced by bolus doses of the 
drugs, the total magnitude of the deviation in mean a rterial 
pres ure from control was measured (Fig. I) by integrating 
it over the time taken for pressure to return to the control 
level by planimetry; this product is referred to as the 
"pressure-time product" a nd is expressed in mm Hg sec. On 
separate days hemorrhage at a rate of I ml /sec was induced 
until 25 ml/ kg of blood were removed. To assess gain of 
a rterial baroreceptors, the formula described by Milhorn " 
was u ed, i.e., open loop gain = [(6C) open / (6C) closed) 
- I, where 6C de ignates the steady state disturbance in 
arterial pressure induced by either nitroglycerin or methox
amine infusion or by hemorrhage, when the arterial barore
ceptor reflex loop wa open (TABD) or closed (i ntact). 
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Results 

The control arterial pressures both in the dogs with 
carotid sinus nerve section alone (107 ± 5 mm Hg) and 
in those with T ABD ( 111 ± 5 mm Hg) were significantly 
higher (P < 0.05) than in the intact group (92 ± 3 mm Hg). 
Heart rates of the intact dogs (83 ± 3 beats/min) and the 
dogs with carotid sinus nerve section (84 ± 6 beats/min) 
were simila r and were significantly lower than those in the 
TABD group (115 ± 7 beats/min) (P < 0.01). 

EFFECTS OF AORTIC AND CAROTID SINUS ERVE 
SECTION (TABD ) 

Nitroglycerin 

In intact dogs nitroglycerin reduced mean arterial pres
sure and increased heart rate transiently. After recovery 
from T ABD the same doses of nitroglycerin elicited no 
change in heart rate but 2- to 3-fold greater reductions in 
mean a rteria l pressure. In addition, the recovery time for 
arterial pressure was significantly longer (Fig. I). The 
pressure-time products for all but the lowest dose of 
nitroglycerin were 7 to 9 times greater than normal (Table 
I ). 

When nitroglycerin was administered by infusion to 
conscious, intact dogs, mean arterial pressure d id not fall 
significantly at the lowest dose. At the larger doses approxi-
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FIGURE I R epresentative records of phasic and mean arterial pressure and heart rate in response 10 nitroglycerin (NTG), 12 µg / kg, in the 
intact state (above) and following TA BD (de11ervated) in 1he same dog. Note, following de11ervatio11, the greater fall in pressure, the greatly 
prolonged recovery period, and the absence of a change in heart rate. The shaded area under the mean ar1erial pressure in 1he t1110 records 

represe111s the area measured for derermination of the pressure-rime product. 
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TABLE I Effects of Nitroglycerin 

Dose 
(µg / kg) 

t::,. mean arterial pressure (mm Hg) 2 
4 

12 
24 
48 

Pressure-time product (mm Hg sec) 2 
4 

12 
24 
48 

t::,. heart rate (beats/min) 2 
4 

12 
24 
48 

Intact 
(11 = 18) 

- 12 ± 2 
- 17 ± I 
- 22 ± 2 
- 25 ± 2 
- 26 ± I 

- 124 ± 24 
- 228 ± 24 
-392 ± 32 
- 604 ± 52 
- 732 ± 72 

32 ± 4 
49 ± 4 
69 ± 4 
77 ± 5 
83 ± 6 

CSN section 
(11 = 7) 

- 17 ± 2 
- 21 ± 2 
- 29 ± 3t 
-33 ± 2* 
- 34 ± 2* 

- 236 ± 88 
-376 ± 80t 
- 676 ± 100* 

- 1120 ± 152* 
- 1192 ± 232t 

14 ± 3t 
26 ± 6* 
37 ± St 
49 ± 7t 
48 ± 7* 
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TABD 
(11 = 12) 

- 28 ± 3*t 
- 36 ± 3*t 
- 51 ± 4*t 
- 53 ± 4*t 
- 59 ± 3*t 

- 1496 ± 288*t 
- 1660 ± 264*t 
- 3224 ± 684*t 
- 4336 ± 808*t 
- 6568 ± 1072*t 

- I ± 2*t 
+ 2 ± l*t 
+ I ± l*t 
+ 2 ± l*t 
+ I ± l*t 

CSN = carotid sinus nerve; TABD = total arterial baroceptor denervation; 11 = number or dogs. 
• Signilica ntly different from intact (P < 0.01). 
tTABD significantly different from carotid si nus nerve section (P < 0.01). 
t Signilicantly different from intact (P < 0.05). 

mately 3- to 5-fold greater reductions in mean arterial 
pressure occurred in the dogs with TA BD as compared to 
the conscious intact dogs, corresponding to an open loop 
gain of 2.5 - 3.8 (Table 2). 

the three highest doses, methoxamine induced a 2- to 4-fold 
greater increase in mean arterial pressure in conscious dogs 
with T ABD. The increases in the pre sure-time product were 
11- and 15-fold greater than in the control intact conscious 
dogs for the doses of 12 and 24 !Lg/kg, respectively. 

Methoxamine (Table 3) 

In intact, conscious dogs the two lowest doses failed to 
alter arterial pressure significantly. In contrast, in dogs with 
TABD all doses elevated arterial pressure significantly. At 

When methoxamine was administered by infusion, a 3- to 
5-fold greater increase in arterial pressure occurred in the 
dogs with TABD (Table 2), corresponding to an open loop 
gain of 2.2- 3.S. 

TABLE 2 Effects of Nitroglycerin, M echoxamine, and Hemorrhage on Mean Arterial Pressure 

Dose (µg/kg per min) 

Intact (n = 6) 
TABD(n = 6) 
Gain 

Dose (µg/ kg per min) 

Intact (n = 6) 
TABD(n = 6) 
Gain 

Blood loss (ml/kg) 

lntact(n = 12) 
TABD(n = 12) 
Gain 

Nitroglycerin infusion 

4 8 16 
t::,. mean arterial pressure (mm Hg) 

- 4 ± I - 7 ± 2 - 9 ± 2 
- 19 ±2* - 29 ± 3* - 39 ± 4* 

3.8 3.1 3.3 

Methoxamine infusion 

8 16 32 
t::,. mean arterial pressure (mm Hg) 

4 ± I 8 ± 2 20 ± 3 
18 ± 5* 41 ± 7* 64 ± 9* 

3.5 4.1 2.2 

Hemorrhage 

32 

- 13 ± 2 
- 45 ± 3* 

2.5 

5 

- 5 ± I 

10 15 20 
t::,. mean arterial pressure (mm Hg) 
- 8 ± 2 - 10 ±2 - 13 ± 4 

- 12 ± 2* - 26 ± 4* - 37 ± 4* - 48 ± 4* 
1.4 2.3 2.7 2.7 

TABD = tot~! a rteri al _ba roreceptor denervation ; 11 = number or dogs. 
• TABD s,gmficantly different from intact (P < 0.01). 

25 

- 20 ± 3 
- 60 ± 5* 

2.0 
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TABLE 3 Effects of Melhoxamine 

Dose 
(µg/kg) 

a mean arterial pressure (mm Hg) 2 
4 

12 
24 
48 

Pressure-time product (mm Hg sec) 2 

a heart rate {bea ts/min) 

4 
12 
24 
48 

2 
4 

12 
24 
48 

Intact 
(11 = 18) 

0.5 ± 0.7 
I.I ± 0.3 

6 ± 1 
10 ± I 
20 ± 3 

8 ± 8 
28 ± 12 

584 ± 172 
1248 ± 180 
7200 ± 913 

0 ± 0 
- 4 ± I 

- 15 ± 4 
- 21 ± 2 
-37 ± 3 

N section TABD 
(11 = 7) (11 = 12) 

I ± I + 7 ± 2* 
7 ± l*t + 12 ± 2* 

10 ± l*t +27 ± 2* 
16 ± l*t +35 ± 3* 
27 ± J§t + 44 ± 7* 

40 ± 28t 124 ± 24* 
96 ± 12•t 1028 ± 380* 

1848 ± 144* t 6204 ± 1960* 
3812 ± 772*t 19, 152 ± 3480* 
5744 ± 676t 27,600 ± 3480* 

0 ± 0 - I ± I* 
- 2 ± 2 - 1 ± 1• 

- 16 ± 2t - 1 ± I* 
- 25 ± St - 1 ± I* 
- 37 ± 6t - 1 ± I* 

S = carotid sinus nerve: TABD - total arterial baroreccptor denervation: n = number of dogs. 
• Significantly different fro m intact (P < 0.01). 
t arotid sinus nerve section ignilicanlly different from TABD (P < 0.05). 
l Carotid sinus nerve section signilicantly different from TABD ( P < 0.01). 
§ ignilicantly different from intact (P < 0.05). 

Hemorrhage (Table 2) 

In intact, consciou dog , hemorrhage reduced mean 
arteria l pressure significantly only after 10 ml / kg of blood 
loss. With comparable blood loss hemorrhage induced 
approximately a 3- lo 4-fold greater reduction in mean 
a rteria l pressure in conscious dogs with TABD, correspond
ing to an open loop gain of2.0- 2.7 . 

ECTIO OF AROTIO ER ES 

Nitroglycerin 

The responses of mean arterial pressure, the pressure-time 
product, and heart rate Lo any given dose of nitroglycerin 
were intermediate between those observed in intact normal 
uogs and those with TA 8D, but in general were closer to 
those ob erved in the intact group (Table I). 

Me1hoxamine 

The changes in mean arterial pres ·ure and in the pressure
lime product were intermediate between those occurring in 
intact conscious dog and those with TABD (Table 3). As 
was the case for nitroglycerin, the response to methoxamine 
in dogs with carotid si nus nerve denervat ion resembled the 
response seen in norma l dogs more than that seen in dogs 
with TA 8D. In contra l to the intermediate heart rate 
response produced by ni t roglycerin, denerva tion of the 
carotid s inus nerves alone did not a lte r the extent of lowing 
of heart rate with any given dose of methoxamine, as 
compared to the intact dogs, although the presser response 
to any given dose was augmented . 

Discussion 

The role of the arterial baroreceptors in the immediate, 
short-te rm regulation of arterial pressure has been investi
gated predominantly in anesthetized animals. In the pre ent 
study, nitroglycerin and methoxamine were injected to 

determine the extent to which arteria l baroreceptors buffer 
an acute change in arterial pressure in conscious dogs with 
arterial baroreceptors intact and sectioned. When only the 
magnitude of the pressure change was compared at doses of 
the drugs which induced significant changes in the intact, 
con cious dogs, responses 3- lo 5-fold greater were observed 
in the dogs with TA BO. These figures, however, do not 
provide an apprecia tion of the magnitude of the overall 
disturbance in arterial pressure induced by a n abrupt change 
in peripheral vascular resistance. 

To assess the overall disturbance produced by these 
hyperten ive or hypotensive stimuli it is helpful to include 
not only the magnitude of the change, but also the time 
taken for return to control levels, i.e., the dynamic charac
teristics of the reflex controller. When the total disturba nces 
in pressure, i.e., pressure-time products , were exam ined , a 
much more profound disturbance of a rterial pressure regula
tion was observed following TABD, the disturbance now 
being approximately 6- 8 times as great for nitroglycerin and 
10- 14 times as great for methoxamine as that observed in 
intact, con cious dogs. This type of analysis, which indicates 
the total disturbance induced by a fixed stimulus, i.e. an 
exact quantity of drug which alters periphera l vasomotor 
tone, has not been described previously, but underscores the 
importance of the arterial baroreceptor reflexes in the acute 
regulation of arterial pressure. Cowley et al.' also noted a 
4-fold increase in the time required to return arterial 
pressure to control in denervated dogs in response to 
postural changes. 

To assess the steady state open locip gain of the arterial 
baroreceptor system in the conscious a nimal, steady state 
responses of mean arterial pressure to continuous infusions 
of nitroglycerin a nd methoxamine, as well as to a physiolog
ical stimulus, i.e., hemorrhage, were compared in intact 
dogs and dogs with TA 8D. Using either the infusions of 
nitroglycerin and methoxamine or hemorrhage to disturb 



670 CIRCULATION RESEARCH VOL. 39, N O . 5, NOVE MB ER 1976 

pressure, the calculated open loop gain ra nged from 2 to 4. 
Considering that the gain of the baroreceptor is a nonlinear 
fun.ction,8· 9 it was surprising to note the consi lency of 
values derived in these conscious dogs in response lo both 
hypertension a nd hypotension. Although the reported va lues 
for gain vary considerably, the majority of other studic 
performed to asse s the gain of the arte rial baroreceptors 
have reported values bet ween I a nd 2. '· 8 · 1 1• ' 3 Exceptions 
a re the study by Scher and Young• in which gain va ried 
considerably, a nd a preliminary report by Brown and 
Taylor,2° in which acute adjustments to sinusoida l altera
tions in blood volume were examined in dogs with and 
without a rteria l ba roreceptor nerves. It is interest ing that 
the latter study al o was conducted in unanesthetized dogs. 20 

The difference between our findings and previous studies 
may be explained, in parL, by differing definition of the 
term "gain," as well a by differences of the experimental. 
preparations, making precise comparisons of the gain 
derived from other studies with those from the present 
investigation difficult. M oreover, in the pre ent inve tiga
tion both the carotid sinus a nd aortic afferents were 
e liminated in the conscious dog, whereas most previous 
stud ies concentrated on the carotid sinus reflex in anesthe
tized animals.•· 1 '· 13 Cowley et al.' a lso used con cious dogs 
and did not report as high a value for gain as we d id. 
However, in that investigation gain was asses ed from 
24-hour a rterial pressure d istribution curves as opposed Lo 
only acute quantifiable interventions, which were examined 
in the present study. 

The technique of TA BD used in this study, i.e. , bilateral 
cervical ection of the carotid sinus and aortic nerves leaving 
the vagi intact,3 was selected because it le ft other vagal and 
sympathetic afferents intact. On the other ha nd, it is 
recognized tha t it could result in incomplete dene rvation to 
the extent that some aortic baroreceptor fibers traverse the 
cervical vagus nerves of the dog. 6• 7 Accordingly, 13 dogs 
that did exhibit small reciprocal cha nges in heart rate in 
response to hypertensive stimuli fo llowing the denervation 
procedure were excluded from this study in the belief that 
they had incomplete section of the aortic nerves. The 12 dogs 
that were studied did not demonstrate reciprocal heart rate 
cha nges in response lo a n alteration in arteria l pressure. 
Thus, if remaining aortic baroreceptor fibers traveling in the 
vagi did play a role in regulation of arterial pressure in these 
experiments, their functional significance was minor insofar 
as their ability to induce reflex heart rate responses is 
concerned . 

A recent study conducted in a nesthetized dogs has shown 
that the aortic, unlike the carotid, baroreceptors are rela
tively ineffective in buffering a red uction in systemic arterial 
pressure below normal .levels, compared to their greater 
potency in buffering elevations of arterial pressure. 12 One of 
the conclusions drawn from that investigation was tha t the 
aortic baroreceptors act primarily to prevent acute hyper
tension, 12 whereas the carotid sinus nerves buffer both 
hypertensive and hypotensive stim uli. To examine the 
contribution to arterial pressure regulation of the aortic 
receptors alone, we studied a series of conscious dogs after 
their recovery from bila teral section of the carotid si.nus 

nerves, with the aortic nerves left int.act. In thi group of 
dogs the perturbations of a rterial pres ure were significantly 
greater wi th both hypotensive and hypertensive timuli tha n 
they were in intact dog , but far less than were observed in 
dogs with T ABO. From these da ta, it i clear tha t the aortic 
nerves alone can act as an effective mecha ni ·m to buffer 
both elevations and reduction in a rteria l pressure. Thus, the 
re ult of the present study uggest that in conscious dogs 
aortic baroreccptor alone are a ble to buffer reduction a 
well as increa e in a rterial pres ure. 

In conclusion, thi tudy has demon trated the exten t to 
which carotid inu and aortic arch arterial baroreceptor 
buffer arterial pressure in response Lo acute hypotension or 
hypertension in the con cious dog. Removing arte rial 
baroreceptors a ltered the time require-0 for arterial pre · ure 
lo return to ba e line a much as it alte red the magnitude of 
the pre ure response to a hyper- or hypoten ive agent. The 
aortic arch baroreceptors appea red importa nt in bufferi ng 
hypotensive a s well a. hypertensive respon es. Va lues for 
static open loop gain of the combined baroreceptor te rn 
in the conscious dog ranged from 2 to 4. 
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AB s TRACT The effects of coronary occlusion and 
of subsequent propranolol administration were ex
amined in 18 conscious dogs. Overall left ven tricular 
(LV) function was assessed by measurements of LV 
pres ure and dP/dt, and regional myocardial function 
was a sessed by measurements of segment length 
(SL), velocity of SL shortening and reg ional myocm·dial 
"work", i.e., pressure-length loops in normal , moder
ately, and severely i che mic zones . Regional in tra
myocardial e lect:rograms were measured from the same 
s ite along with regional myocardial blood fl ow as 
cl te rrnined by the radioacti ve microsphe re technique. 
Coronary occlu ion r su ited in graded loss of fu nction 
from the normal to s verely ische mic zones wi th 
graded fl ow reduction and graded e levation of the ST 
segm nt. Propranolol d pressed overall LV fun ction 
function in th normal zone (work fell by 17±4%)'. 
and in th majority of moderate ly isch mic segments 
(work fell by 7±3%). In severely i ch mic segments 
the extent of paradoxical motion and post- ystolic 
shortening was red uced by propranolol. After pro
pranolol regional myocardial blood fl ow fell in th e 
normal zone (11 ±2%) and rose in the moderately 
(15±4%) and severely (63± 10%) ischemic zones . Thus, 
in the conscious dog with regional myocardial ischemia, 
propranolol induces a redish·ibution of myocardial 
blood flow, with flow falling in normal zones and rising 
in moderately and severely ische rnic zones. Th e im
provement in perfusion of i chemic ti ssue was associ
ated w ith slight but s ignifi can t depression of shorten
ing, velocity, and work in the moderately ischemic 

zones and of paradoxical bulging and post-systolic 
hortening in the severely ischemic zone. 

I TRODUCTIO 

Propranolol has been shown to reduce experimental 
infarct size after coronary occlus ion in anes thetized 
animal preparations ( 1-3). Two possible mecha
nisms, which would re ult in protection of ischemic 
myocardium, involve an increase oxygen supply, i. e., 
in blood flow, or a reduction in oxygen de mands , 
i.e., the work of the ischemic tissue . Prior studies 
in anesthetized animals have consistently hown no 
effect of propranolol on blood Bow to ischemic myo
cardium (4-6), while previous studies on the effects 
of be ta adre nergic blockers on function of ischemic 
tissue have been conh·over ial. On the one hand 
propranolol has been ·hown to depress overall left 
venh·icular function (7-9) and regional function (10) 
of tl1e ischernic heart, whi le on tl1 e otl1 er hand beta 
adrenergic blockers have also been shown to improve 
regional function in th e presence of ischemia (11, 12). 

While prior studies have examined tlrn effects of 
beta adrenergic blockers on measurements of elech·o
grams (1-3, 5, 10, 13) mechan ical function (10-12), 
and regional myocardial blood Bow (4- 6) in the 
ischem ic heart, tl1 ese mea urements have not been 
correlated in the same study. 1oreover, most of tl1 ese 
previous studies have been conducted in anes tl1 e tized 
animals witl1 an open chest (1-6, 10, 12, 13), 
where the myocardial depressant effects of tl1 e anes
tl1esia (14, 15) and recent surgery could intensify the 
depressant effects of the beta adrenergic blocker. It 
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was conducted in conscious dogs, in which the ef
fects of propranolol were examined with simultaneous 
measurements of regional myocardial function, blood 
flow, and electrograms in normal, moderately, and se
verely ischemic zones. The specific goals of this study 
were to asce1tain (a) whether function of ischemic 
myocardium improved or deteriorated with propran
olol and (b) whethe,r in the conscious dog, the change 
in function was associated with an alteration in blood 
Row to the isch emic myocardium. 

METHODS 
30 dogs, weighing between 25 and 35 kg, were anesthe
tized with i.v. pentobarbital sodium, 30 mg/kg. Through a 
thoracotomy in the fifth left intercostal space, miniature 
pressurn gauges (P22, Konigsberg Instruments, Inc., Pasa
dena, Calif.) were implanted within the left ventricle 
through a stab wound in the apex, and Doppler ultra
sonic flow transducers were placed around either the left 
anteri.or descending (18 dogs) or circumflex coronary arteries 
(12 dogs), 2-3 cm from the bifurcation of these vessels. 
Hydraulic occluders were implanted just distal to the flow 
transducers and heparin-filled Tygon catheters (Norton Co., 
Plastics & Synthetics Div., Akron, Ohio) were implanted 
in the left atrium and aorta. Up to six paiis of miniature ulb·a
sonic transducers' were implanted int.ramyocardially, parallel 
to the muscle fibers, 1-2 cm apa1t and varying in depth from 
4 to 15 mm, in potentially normal, moderately, and severely 
ischernic zones. 

The miniahire pressure gauges were calibrated fa vitro and 
in vivo against a calibrated Statham P23 Db strain gauge 
manometer (Statham Instruments Div., Gould, Inc., Oxnard, 
Calif.) connected to the left atrial and ao1tic catheters. At 
autopsy the position of the gauges within the ventricular 
cavity was confim1ed. Instantaneous coronary blood flow was 
measured with an ultrasonic Doppler flowmeter (16, 17). An 
improved ultrasonic b·ansit-time dimension gauge was used 
to measure regional myocardial segment length (SL)2 (11, 
18, 19). The instrument generates a voltage linearly pro
portional to the transit time of acoustic impulses traveling 
at the sonic velocity of approximately 1.5 x 10" mm/µ,s 
between the 3 MHz piezoelectric crystals, thus giving a 
record of instantaneous myocardial fiber length. At a constant 
room temperature the thermal drift of the instrument is 
minimal, i.e., less than 0.01 mm in 6 h. The frequency re
sponse is flat to 60 Hz. Any drifts in the measuring 
syste m, i.e., in the in trument ele.cb·onics, the data tape re
corder, and the oscillograph that displayed data, were 
eliminated during the experiment by periodic calibrations. 
This involved substitution of pulses of precisely known dura
tion from a crystal-controlled pulse generator having a 
basic stability of 0.001 %. The instrument used in the p resent 
sh1dy was modHled further to provide simultaneous measure
ment of eight segment lengths and the regional electro
gram from all c1ystal sites, located in normal, border, and 
ischemic zones. The position of the miniature ultrasonic 
transducers was confirmed at au topsy and mfoimal fibrosis, 
less than 1 mm, was observed at the site of implantation. 

Regional myocardial blood flow was mea ured by the radio
active microsphere technique (20). The microspheres (3M 

1 Consb·uction details avai.lable from the authors. 
2 Abbreviations u.sed in this paper: dP/dt, rate of change of 

pressure; ENDO-EPI, endocardial/epicardial flow ratio · LV 
left ventricular; P, pressure; SL, segment length; V, vel~cit/ 

Co., St. Paul, Minn.) were suspended in 0.01 % Tween•0 

solution (10% dextran) and placed in an ultrasonic bath for 
60 min. They were subsequently agitated by direct applica
tion of an ultrasonic probe to insure dispersion of the spheres 
just before injection. Absence of microsphere aggregation 
was verified by microscopic examination. Before injection of 
microspheres, 0.7 ml oftlte Tween80-dextran solution (witl1-
0ut microspheres) was injected to dete1mine if the diluent 
for the microsphere uspension was to have an adverse 
effect on cardiac dynamics (21). Four to ix million micro
spheres (9±2 µ.m) labeled with ' 6Sc, ~'Cr, 85Sr, o:r '''Ce and 
suspended in 10% dextran, were injected through the 
catheter implanted in the left atrium for three determina
tions of blood flow; during control, then 10-15 min after 
the onset of coronary occlusion, and finally 5- 20 min after 
proprnnolol. A reference sample of arterial bl.ood wa with
drawn beginning 10 before microsphere injection and con 
tinning for 40 after the injection was completed. After 
sacrifice of the animal, myocardial ample were obtained 
from the site where function and electrograms were meas
ured, dissected into epi- and endocardial layers, w ighed, 
placed in a tl1ree-channel gamma well counter (Searle 
Analytic Inc., Des Plaines, Ill.), and counted in appropriately 
selected energy windows for 10 min. The raw count were 
then corrected for background and cross-over and compar cl 
with the reference blood samp le to obtain flow e>..1>ressed in 
milliliters per minute per gram of tissue . 

Experiments were conducted 2- 4 weeks after op ration 
While tl1e conscious, unsedated dog re ted quie tly, control 
records of left ventricular (LV) pre nre (P), the rate of 
change of pressure (dP/dt) , coronary blood Bow, h art rate, 
multiple segment length (SL), and velocity ( of SL 
·hortening we re recorded, along witl1 intramyocardiaJ elec
trograms. After conb·ol measure me nt were recorded, in
cluding the first injection of microspheres, th coronary vessel 
was occluded and occlusion was confirmed by absence of 
coronary flow until tennination of the animal. Mea uremenls 
were recorded continuously and the econd microsph re 
injection was made 10-15 min after coronary occlusion. at 
a time when measurements of regional myocardial function 
and electrograms were stable . At 15-20 min after coronan 
occlusion propranolol was injected in doses of 0.5 mg/k~ 
(3 dogs), 1.0 mg/kg (12 dogs), and 2.0 mg/kg (3 dogs). Quali
tative difference in response were not observ cl among tlil' 
three doses. The d1ird microspher inj ction was made 5-20 
min after propranolol. After 30 min. of fUJthe r recordings th!' 
animals wer ane thetized with 30 mg/kg of pe ntobarbital 
sodium and sacrificed to confirm plac m nt of i.ntramyocardial 
transducers and to obtain myocardial samples at cite samt· 
sites for regional blood flow detem1ination. 12 addition,11 
dogs (controls) were studied wid1 imilar protocol . In dw 
six control dogs studied for measurement of regional blood Aow, 
saline instead of propranolol was administered before th<' 
third microsphere injection. 

Data were recorded on a multichannel tape recorder and 
played back on two multichannel direct-writing o cillc,
graphs at a paper speed of 100 mm/s. A cardiotachom tc,, 
b·iggered by the pressure pulse signal, provided in stantaneous 
and continuous records of heart rate. Continuous records 
of dP/dt, and dSUdt were derived from the signals of L \'I' 
and SL with Philbrick (Teledyne Philbrick, Dedham, Mass.\ 
operational ampli fi ers connect d as differentiators having frp. 
Q1;lency responses of 700 and 140 Hz, respecti vely. A 
b1angular. wave signal with known slope (rate of changP) 
".'as substituted for P and SL signals to calibrate the dil: 
ferentiators directly. 

Th~ effect of inte1ventions on regional myocardi~l 
function were assessed by measurement of stroke shortening. 
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vel.ocity of segment sho1tening, and end-diastolic and end
systolic segment lengths. In addition an x-y plot of the in
stantaneous LV pressure and regional SL signals were re
corded and photographed from a storage oscilloscope. The 
area described by thi loop was taken as an index of regional 
myocardial "wm·k" in un its of millimeter Hg- millimeter. 
End-<liasto.lic length was the point just before isovolumetric 
contraction. End-systole coincided with isovolumetric re
laxation. These points were readily identifiable in most 
instances. However, the precise timing of the encl-systolic 
point may have varied by as much as 0.01 s, which could 
introduce a slight error in some ischemic segments. 

Average and SEM values were calculated. The three states 
in each animal (control, occlusion, and occlusion plus 
propranolol) were compared by the paired t test, · while 
changes between states were compared in the untreate d 
controls and propranolol-treated animals by the unpaired t 
test (22) . 

RESULTS 

Effects of coronary ocdus-ion 

OVERALL LV FUNCTION (n = 18) (TABLE I ) 

After coronary occlusion, heart rate rose by 31±5%, 
P < 0.01, from a control of 81±4 beats/min. LV 

ystolic pre sure and peak dP/dt did not change sig
nificantly, from control levels of 114±2 mm Hg and 
3,330± 140 mm H g/s, respectively. 

REGIONAL LV FUNCTIO, (Fies. 1, 2; TABLE II) 

Normal zone (19 segments). After coronary oc
clu ion end-diastolic SL, SL stroke shmtening, veloc
ity and work did not change significantly. 

TABLE I 
Overall LV Function: Effects of Coronary Occlusion and 

Subsequent Propranolol Adm·inistrati.on (n = 18) 
Compared with Untrnated Control (11 = 12) 

LV sy tolic 
pressure, 
mm Hg 
Propranolol 
Untreated 

LV <lP/dt, 
mm Hg/s 
Propranolol 
Untreated 

Heart rate, 
beats/min 
PropranoloJ 
Unh·eated 

Prco ch,sion 
control 

114±1.5 
114± 2.4 

3,330:!:140 
3,130:!: 150 

81± 4.4 
80±3.3 

Occlus ion 

115:!:2.9 
118± 3.1 

3,240:!:150 
3,090:!:150 

104:!:5.l *,I 
116±3.3* 

Occlus ion and 
propranolol 

116:!:3.l 
117± 3.2 

2,700±110*t§ 
3,030±110 

96:!:3.9*!,I 
118±3.6 

* Significantly different from preocclusion control, P < 0.01. 
i Significantly different from occlusion value, P < 0.01. 
§ Response of t\vo groups significantly different, P < 0.01. 
,i Response of two groups significantly different, P < 0.05. 

Moderately ischemic zone (29 segments). Coronary 
occlusion increased end-diastolic SL by 3.2±0.5% from 
a control of 17.6::+: 1.0 mm and reduced SL stroke 
shortening by 59±4% from a control of2.42±0.21 mm, 
velocity by 49±3% from a control of 24±2 mm/s, and 
work by 49±4%, from a conb·ol of238±29 mm Hg-mm. 
All these changes were significant, P < 0.01. 

Severely ·ischemic zone (45 segments). Coronary 
occlusion increased end-diastolic SL by 6.5±0.8%, 
from a control of 16.59± 0.68 mm, and reduced 
stroke SL shortening by 116±4% from a control of 
2.10±0.15 mm, velocity by 93± 2% from a control of 
23.3::+:l.7 mm/s, and "work" by 92± 3% from a control 
of229± 19 mm Hg- mm. All these changes were signif~ 
icant, P < 0.01. Since the majority of these segments 
had larger end-systolic dimensions than end-diastolic 
dimensions (paradoxical motion), the reduction in SL 
sb·oke sho1tening was greater than 100%. 

lNTRAMY0CARDIAL ELECTR0GRAM (TABLE III) 

Coronary occlusion failed to elicit ST elevation in 
the normal zone, but increased ST elevation by 3.1 
±0.7 mV, P < 0.01, in the moderately ischemic zone 

NZ1 
(mm) 

NZ2 
(mm) 

MIZ1 
(mm) 

s,z, 
(mm) 

S122 
(mm) 

EKG 
(mVJ 

FIGURE l The simultaneous phasic wave forms at rapid 
paper spee d are shown for left ventricula1· (L V) pressure, 
segment lengths in t\vo normal zones (NZ), two moderately 
ischemic zones (MIZ), and two severely ischemic zones 
(SIZ), along with an electrogram from one of the severe ly 
ischemic segments during control (left panel), after coronary 
occlusion (middle panel), and after propranolol during 
coronary occlusion (right panel). With occlusion function 
fell slightly in one of the normal zones (NZ,) and improved 
in the other (NZ,). F unction fell more strikingly in the 
moderately ischemic zones and was completely lost in the 
severely ischemic zones. Propranolol induced less dramatic 
effects, depressing function slightly in normal and moder
ately ischemic zones, and decreasing passive stre tching in 
severely ischemic zones. 
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FIGURE 2 The effect of coronary occlusion (left panel) and 
of propranolol during occlusion (right panel) are shown as 
percentage change from control for end diastolic segment 
length, stroke shortening, and velocity of shortening fo r all 
segments in the normal , moderately ischemic, and everely 
ischemic zones. Significant changes from control are noted by 
the asterisks, whil e the average control values are noted at 
the base of the bars. While the effects of propranolol 
administration during coronary occlusion were generally sta
tistically significant, they were small in relation to the ef
fects induced by simple coronary ocelusion. 

and by 7.8±0.9 mV, P < 0.01 in the severely ischemic 
zone. 

REGIONAL MYOCARDIAL BLOOD FLOW (FIG. 3, 
TABLE IV) 

With coronaiy occlusion flow did not change signif
icantly from a conb·ol of 1.10± 0.03 ml/min per g in 
the normal zone, but fell by 39±3%, P < 0.01, from 
a control of 0 .92± 0.03 ml/min per g in the moderately 
ischemic zone and by 82±2%, P < 0.01, from a conh·ol 
of 0.98±0.04 ml/min g in the severely ischem ic zone 
(Fig. 3). The endocardia1/epicardial (E1 DO/E PI) flow 
ratio did not change significantly in the normal zone 
(control = 1.19±0.03) but fell (P < 0.01) in the moder
ately ischemic zone from 1.22±0.05 to 0.82±0.06, and 
from 1.19±0.03 to 0.63±0.08 in the severely ische mic 
zone. 

Effects of propranolol in the presence of 
coronary occlusion 

OVERALL L v Fu 'CTIO (TABLE I ) 

Propranolol did not affect LV systolic pressure signif
icantly, but reduced heart rate by 6.4±1.9%, P < 0.01, 

TABLE II 
Regional Function: Effects of Coronary Occlusion and 

Subsequent Propranolol Admi.nistration (n = 18) 
Compared with Untreated Control 

Nonnal zone 
Stroke shortening, mm 

Propranolol 
Untreated 

Velocity, mmls 
Propranolol 
Untreated 

End diastolic length, mm 
Proprnnolol 

Untreated 

M CKlerately ischemic zone 
Stroke shortening, mm 

Proprano1ol 
Untreated 

Velocity, mmls 
Propranolol 
Untreated 

End diastolic length. mm 
Propranolol 
Untreated 

everel}, jschcmic zone 
Stroke shortening. mm 

Pmprnnolol 
ntreated 

Velocity, mm/s 
Proprnnolol 
Untreated 

End diastolic I ngth, mm 
l'ropranolol 

ntreated 

Animals (n = 12) 

Preocclusion 
control 

3.04:t0.25 
1.88:t0.29 

29.9:t2.65 
23.l:t2.83 

17.02:1.09 
16.95:t l. 2 

2.42±0.21 
1.93:!:0.29 

23. z l.67 
19.6±2.28 

17.59:0.99 
13.85± 1.08 

2.10:,;0.15 
1.95: 0.29 

23.3±1.69 
22.0±2.7 

16.59.:i:0.68 
14.85±0.77 

Occlusion 

3.2):t0.27 
2.04:t0.27 

30.2:t2.77 
23.8:t2.26 

17.14:tl.13 
17.18: 1.86· 

1.01 ±0. ]2• 
0.88;;0.l7" 

12.0:t0.91 
10.2:tl.28' 

I .16:tL.03• 
14.24 ±1.1 • 

- 0.2,1:t0.09• 
-0.26:t0.09' 

2.09:t0.80· 
0.30±0.30" 

17.59:t0.70'' 
15.36±0.75' 

• Significantly different from preocclusion control, P < 0.01. 
I Significantly different from occlusion value, P < 0.01. 
~ Response of two groups significantly different. P < 0.0). 

Response of two groups signific:mtly different, P < 0.05. 

TABLE III 

Occlusion and 
proprnnolol 

2.79:0.26• ,~ 
2.02:t0.27 

25. 1 ;!.2,11 I§ 
23.7~2.22 

17.28±1.1~·1§ 
17.15: l. 

0.92:t0.13' ·~ 
1.00 0.18' 

I LO- 1.02 If 
U .l :t l.2-1 

18.47:t l.06·1• 
14.21:t l.JH• 

- 0. lh0.0b 1• 
- 0.28:t0.12 

l.74:t0.76" 
l.25:t0.71 

17.77:0.71 I~ 
15.32z0.75 

Regional Electrocardi.ogrnm: Effects of CoronanJ Occlusion 
and Siibsequent Propra11olol Admini tra.tion (n = 18) 

Compared with Untreated Controls (n = 10) 

Normal zone 
Propranolol 
Untreated 

Moderately ischemic 
zone 
Propranolol 
Untreated 

Severely ischemic 
zone 
Propranolol 
Untreated 

Preocclusion 
control 

0.7±0.14 
0.8±0.25 

0.9±0.12 
0.7±0.28 

0.6±0.09 
0.5±0.16 

Occlusion 

mV 

0.7±0.13 
0.6±0.27 

4.0±0.71* 
4.3±0.93* 

8.5± 0.93* 
6.9± 0.87* 

Occlusion .,1HI 
propnlnoJ,, 

0.7±0.16 
0.7±0.2\:J 

3.9±0.72 
4.0±0.85' 

8.7±0.91' 
6.7±0.87 

* Significant change from preocclusion control , P < 0.01. 
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F1GtIBE 3 The effects of coronary occlusion (left) and sub
sequent propranolol during coronary occlusion (right) on re
gional myocardia.l blood Aow are shown as percentage change 
from control for all segments studied in the normal, 
moderate ly ischemic, and severely ischemic zones. Signif~ 
icant changes from control me denoted by the asterisks 
while control values are noted at the base of the bars. 
Propranolol induced a significant redistribution of myo
cardial blood flow with flow falling in the nom1al zone 
and rising in the moderately and severely ischemic zones. 

from an occlusion conb·ol of 104± 5 beats/min and 
clP/dt by 15.4±2.1 %, P < 0.01, from an occlusion con
trol of 3,240:t 150 mm Hg/s. 

REGIONAL LV < U CT10 (FIGS. 1, 2, TABLE II) 

ormal zone. Propranolol increased end-diastolic 
SL by 0.9± 0.3%, P < 0.01, from an occlusion conb·ol 
of 17.1±1.l mm, and reduced SL troke sho1t ening 
by 13.7±3.5%, P < 0.01, from an occlu ion control of 
3.21±0.27 mm, r cl iced velocity by 15±3%, P < 0.01, 
fro m an occlusion control of 30.2±2.8 mm/s, and re
due d work by 17± 4%, P < 0 .01, (Fig. 4) from an 
occlusion conb:ol of 263±27 mm Hg-mm. 

Moderately ischemic zone . Propranolol increased 
further end-diastolic SL by 0.58±0.18%, P < 0.01, 
from an occlusion control of 18.2:t 1.0 mm and re
duced further SL sh·oke shortening by 17.2±5.3%, 
P < 0.01 and velocity by 13± 4%, P < 0.01, from oc
cl u ion controls of 1.01± 0.12 mm and 12.0±0.9 mm/s, 
respectively, and reduced work by 7±3%, P < 0.05 
(Fig. 4), from an occlu ion control of 118± 15 mm 
Hg-mm. These figures represent the average values of 
l8 segments in which function fell, 5 segments in 
which function improved, and 5 segments in which 
function did not change. When the average changes 
in SL sb·oke shortening, velocity, and work were 
compared with those in the normal zone in te rms of 
absolut numbers, as opposed to percent change, the 
decreases in these three parameters were less P < 0.01, 
than observed for the nonnal zone. 

Severely ischemic zone. Propranolol increased 
further end-dia tolic SL by 0.99±0.21 %, P < 0.01, 

TABLE IV 
Regional Blood Flow and ENDOIEPI Rati.os: Effects of 

Coronary Occlu.sion and Su.bsequ.ent Propranolol 
Administration (n = 18) Compared with 

Untreated Controls (n = 5) 

Flow, mllminlg 
Normal ,zone 

Propranolol 
Untreated 

Moderately ischemic zone 
Propranolol 
Untreated 

Severely ischemic zone 
Propranolol 
Untreated 

ENDOIEPl Ratio 
Normal zone 

Propranolol 
Untreated 

Moderately ischemic zone 
Proprnnolol 

Untreated 
Severely ischemic zone 

Propmnolol 
Untreated 

Preocclusion 
control 

1.10:!:0.03 
1.31:!:0.06 

0.92:!:0.03 
1.27:!:0.02 

0.98:!:0.04 
1.29:!:0.03 

1.19± 0.03 
1.20±0.04 

1.22±0.05 
1.18±0.04 

1.19:!:0.03 
1.22:t0.06 

Occlusion 

1.l0:!:0.05 
1.50:!:0.10 

0.50:!:0.03• 
0.83:!:0.05• 

0.19:!:0.01· 
0.3!:!:0.03• 

1.22:!:0.03 
1.24:t0.04 

0.82±0.06• 
0.88:!:0.08* 

0.63±0.08* 
0.42:t0.05· 

• Significantly different from preocclusion control, P < 0.01. 
I Sib"llincantly different from occlusion value, P < 0.01. 
§ Response of two groups significantly different, P < 0.01. 

Occlusion 
and 

propranolol 

0.93:!:0.04• 1~ 
1.48:t0.09 

0.58:!:0.04• 1§ 
0.76:!:0.07• 

0.26:!:0.02•1§ 
0.32:!:0.04* 

1.28:!:0.03*1 
l.28±0.05 

0.89±0.07• 
0.93±0.10 

0.64 :!:0.07* 
0.47:t0.07· 

120 

0 
.NZ 

Cl 15 20 15 20 15 20 
:x: 
E 
§. 
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a: 
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en 
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0 uJ 
a: 
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::'.; 
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0 
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SEGMENT LENGTH 
(mm) 

FIGURE 4 Left venh-icular (LV) pressure-regional segment 
length loops, an index of regional myocardial work, are 
shown for a normal zone (NZ) (top), moderately ischemic 
zone (MIZ) (midd le), and severely ischemic zone (SIZ) 
(bottom) during control (left panel) after coronary occlusion 
(middle panel) and after propra,nolol during coronary oc
clusion (right panel). Coronary occlusion induced progres
sively greater decreases in regional work in the three zones. 
With propranolol work fe)J further in all three zones. In addi
tion the post-systolic shortening of the ischemic zone segment 
wa reduced by propranolol adminisb·ation. 
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from an occlusion control of 17.59± 0.70 mm, and re
duced paradoxical bulging in the severely ischemic 
segments, P < 0.01. However, function was never 
improved to the extent that a segment that bulged 
paradoxically began to shorten during ejection after 
propranolol administration. Work fell by 40± 12%, 
P < 0.01, from an occlusion conb·ol of 40±8 mm 
Hg-mm in segments exhibiting positive work. One of 
the most prominent effects of propranolol was the 
reduction in post-systolic shortening in severely 
ischemic segments shown in the bottom, middle part 
of Fig. 4. 

INTRAMYOCARDIAL ELECTROGRAM 

Propranolol failed to lower ST elevation in the 
normal, moderately, or severely ischemic zones from 
the occlusion levels (Table III). 

REGIONAL MYOCARDIAL BLOOD FLOW (TABLE IV) 

Propranolol reduced flow in the normal zone by 
11 ±2%, from an occlusion control of 1.10±0.05 ml/ 
min per g and increased Hows in the moderately (15 
±4%) and severely ischemic (63± 10%) zones from 
occlusion controls of 0.50±0.03 and 0.19±0.01 ml/min 
per g, respectively (Fig. 3). These three changes in 
blood were significant, P < 0.01. Propranolol in
creased the ENDO/EPI ratio in the normal zone 
from 1.22±0.03 to 1.28± 0.03, P < 0.01, and in the 
moderately ischemic zone from 0.82±0.06 to 0.89±0.07, 
P < 0.02, but faile d to alter the ratio in the severely 
ischemic zone. 

Control experiments 

In the 12 dogs that underwent coronary occlusion 
hut were given normal saline instead of propranolol, 
the changes from preocclus ion control to occlusion 
were only significantly differe nt from the changes ob
served in tl1e 18 dogs subsequently treated with 
propranolol in tl1at the control dogs exhibited greater 
increases in heart rate (Tables I-IV). However, there 
were important differences comparing the changes 
from the occlusion state to the occlusion plus pro
pranolol state. In contrast to the results in propranolol 
treated dogs, in control dogs, (a) heart rate and LV 
dP/dt did not fall (Table I); (b) end-diastolic length did 
not rise (Table II ); (c) stroke shortening and velocity 
did not fal l in normal and moderate ly ischemic zones 
(Table 11); (d) the extent of paradoxical bulging did 
not decrease (Table II); (e) regional flow did not fall 
in the normal zone or rise in the moderately and 
severely ischemic zone (Table IV). 

DISCUSSION 

Coronary occlusion resulted in minor effects on overall 
LV function and function in tl1e normal zone, but induced 

progress ively greater impairment of function in moder
ately and severely ischemic segments. Propranolol 
the n exerted relatively slight, but statis tically signif~ 
icant, effects on regional function in normal , moder
ately, and severely ischemic zones. In normal seg
ments and in the majority of ische mic segments tl1at 
still shortened during systole, propranolol reduced 
tl1e extent and velocity of sho1tening an d segment 
work performed. In contrast, in those segments that 
paradoxically lengthen ed during systole, propranolol 
decreased the extent of paradoxical motion and post
systolic shortening of those segments (Fig. 4). This 
latter finding could be interpreted as an improvement 
in functi on, s ince tl1e extent of passive stretchin g 
fell after propranolol , but could also merely re fl ect an 
interaction between ischemic and nonischemic por
tions of tl1e hea1t and may not be d irectl y re lated 
to an e ffect of the drug on the severe ly ischemic 
portion of the heart. 

Propranolol's depressant action on overall function 
and function in the normal zone after coronary occlu
sion was predictable, and is consistent with tl1e prior 
studies of Mueller et al. (8), and L iang and Hood (7). 
In contrast its action on ischemic segments could 
not have been predicted. Studies in open-chest anes
thetized animals have shown botl1 improvement (12) 
and depression of function (10) a~er beta adrenergic 
blockers. The study of Theroux et al. (11), conducted in 
conscious dogs supports that of Lekven (12) in that 
propranolol pretreatment reduced the impairment of 
function induced by coronary occlus ion on marginally 
ischemic segments. As mentioned above, in the pre ent 
study, propranolol administration in doses ranging 
from 0.5 to 2.0 mg/kg generally depressed function 
slightly in tl1e presence of sustained coronary oc
clusion. It is important to point out that the de
pression induced by propranolol was b·ivial, e.g., in 
comparison with the depress ion induced by simple 
coronary occlus ion (Fig. 2). Moreover, the depression 
observed in moderately ische mic zones was s ignif
icantly less tlrnn that observed in nOJmal zones. 

One of the important differences in the results of 
this study conducted in conscious dogs and those con
ducted previously in anesthetized animals with an 
open chest is tl1e extent to wh ich propranolol re
duced heart ra te. A sb·iking reduct ion is frequently 
observed in anes thetized, open-chest preparations, 
when propranolol is administered in the face of acute 
coronary occlusion (1, 2, 5, 6, 10, 13). In conb·ast heart 
rate fell by an average of on ly 8 beats/min after 
propranolol in tl1e present study. H propranolol were 
to reduce heart rate considerably more, as occu rs in 
anesthetized animals, a more favorable effect on func
tion of ischemic myocardium may well have been ob
served. However, in the c.-onscious, unsedated dog with 
myocardial ischemia, propranolol induces only a slight re
duction in heart rate even when the ischemia is relatively 
large, as occurs with a left circum flex occlus ion. 
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Failure of propranolol to reduce heart rate in the 
ischemic heart of conscious clogs was also observed 
by Liang and Hood (7), who suggested that the mecha
nism of the tachycardia of coronary occlusion was 
most likely due to withdrawal of vagal resb:aint. lt 
is interesting to note in the study by Mueller et al. 
(8), that propranolol r ducecl heart rate in patients with 
acute myocardial infarction by an almost identical 
amount a was observed in the present study in 
consciou dogs. 

Whil proprnnolol exerted significant effects on 
isch mic cardiac function, no significant effect was ob
s rvecl on the ST potential which has been con
sistently shown to cl crease in experiments conducted 
in open-chest anesth tizecl animals {l, 2, 5, 6, 10, 
13). It i of int rest tl1at Bod nheimer et al. {10), 
found that the ST electrogram fe ll substantially in their 
open-chest anesthetized animals treated with pro
pranolol after coronary occlusion when heart rate was 
allowed to fall, but returned to the prepropranolol, 
o clusion level, wh n the effects of decreased heart 
rate were eliminated by pacing. These data are con-
istent with our , in that heart rate fell by only 8 

beats/min in the present experirnents, and the ST 
potential did not fall (Table Ill). 

In tl1e present study, the most striking effects of 
propranolol w re on regional myocardial blood flow. As 
expected flow fell in normal zones, which probably 
refl ctecl the r cluction in myocardial 0 2 de mands 
induced by the r duction in myocardial contractility 
and work. In contrast, flow rose significantly in 
moderate ly and ever ly isch emi zones despite a 
reduction in cardiac work and contractility. The 
m chanism of the r di b·ibution of coronary flow was 
not xarn in cl in the pr sen t stud . It could have 
been clue to shunting of blood flow From non
isch mic to i ch mic tissue. Anoth r possil le explana
tion is that forces acting on i. chemic myocardium 
w re climini heel after propranolol, e.g., post-systolic 
short ning, ther I y allowing mor coronary filling. In 
the severely isch mic zon the recli ·tribution of 
coronary Aow did not favor either the endo or epica.rdial 
layer , but occun ecl b·ansmmally, as reflected by no 
significant change in the ENDO/EPI ratio. In contrast 
in the moderately ischemic zone propmtionally more 
flow w nt to the enclocarclium since the E DO/EPI 
ratio ro ·e ignificantly. 

Since flow to ischemic tissue can increa e spon
taneously witl1 time due to opening of collaterals or 
primary chann ls from the nonoccluclecl a1teries, it 
wa cons ider cl importan t to conduct a series of 
conh·ol xperiments, where saline in teacl of pro
pranolol was administered. In these experiments flow 
to ischemic regions did not chang significantly 
over tl1 e 10-15-minute period of occlusion studied 
(Table IV). This is consistent with measurements of 
regional myocardial function in the present investiga
tion, which also did not change significantly over 

this 10- 15-min period in the animals where ischemia 
was induced, but saline instead of propranolol, was 
administered (Table II). These findings are also con
sistent with prior studies botl1 in conscious and 
anesthetized clogs. For instance Bishop et al. found 
that flow to ischemic myocardium did not change be
tween 5 min and 6 h after occlusion in conscious 
dogs (23), whereas in anestl1etizecl clogs Hirzel et al. 
(24) and Becker e t al. (5) found little change in the 
cenh·al ischemic zone flow from 10 min to 24 h after 
occlusion in endocarclial layers (24) and from 60 
to 90 min after occlusion (5), respectively. In con
b·ast, Rivas et al. found tlrnt flow to ischemic 
tissue increased from 45 s to 2 h after occlusion 
(25). However, the study by Rivas et al. (25) is 
not inconsistent with the present findings o.r tl10se of 
Bishop et al. (23), Hirzel et al (24), oi; Becker et al. 
(5), since all tl1 e studies except for that by Rivas et al. 
(25), made the initial flow determination at a later time 
after occlusion. Thus, it appears from the results of 
these studies as well as ilie conh·ol experiments con
ducted in the present investigation tl1at some flow 
acljusb11ents normally occur initially (clming the first 
few minutes after occlusion), but tlie flow to ischemic 
tissue then remains relatively stable for at least several 
hours. Therefore, when flow changes significantly dur
ing ilie stable period, it most likely reflects a change 
induced by the intervention, e .g., propranolol, rather 
than a spontaneous occurrence. 

Prior studies in open-chest anesthetized prepara
tions ·on i tently fa iled to clemonsh·ate a change in 
flow to iscbemic tis ue with propranolol (4-6). Once 
again, while the results of experime nts in anesthe
tized preparations are not consistent with those of the 
pre ent study, it is interesting to note that the 
tucly by Mueller et al. (8) in patients obse1·ved an 

increase in coronary inus 0 2 tension after propranolol 
aclminisb·ation. There are two impo1tant hemoclynamic 
differences in tl1e response to propranolol in con
scious and anesthetized, open-chest animal with acute 
myocardial isohe mia. As noted above, propranolol 
elicits a much greater decrease in heart rate in 
anesthetized, open-chest preparations with acute 
myocardial ischemia {l, 2, 6, 10, 13). In addition 
propranolol induces greater dilation of tl1e heart of 
the open-chest anesthetized animal, whereas encl
diastolic cardiac size a determined by direct meas
urement of LV diameter is near maximal at rest in tl1e 
conscious clog,3 and thus can only increase slightly 
with propranolol, as was observed in these experi
ments. 

In summary, propranolo1 induced a significant re
dish·ibution of myocardial blood flow in tl1e ischemic 

3 Boettcher, D . H ., S. F. Vatner, G. R. Heyndrickx, and 
E. Braunwald. Extent of utilization of the Frank-Starling 
mechanism in control of cardiac performance in the con
scious clog. Submitted for publication. 

Regional Function, Flow, and Electrogmms with l sch.emia and Propra.nolol 359 



heart with flow falling in normal zones and rising in 
moderately and severely ischemic zones . This im
provement in flow occurred concomitantly with a de
pression of cardiac function and work and extent of 
paradoxical bulging or passive sb·etching in severely 
ischemic segments. This study suggests two possible 
salutary actions for propranolol in tl1e b·eatment of 
ischemic hea1t disease where cardiac decompensation 
is not also a factor. The slight decreases in cardiac 
rate and contractility should exert an 0 2 sparing 
effect on ischemic myocardium, as long as cardiac 
failure is not present. This coupled witl1 an increase 
in blood flow to ischemic tissue could result in pro
tection of ischemic myocardium (1- 3) and prove to be 
beneficial for patients with acute myocardial ischemia. 
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MILLARD, RONALD W., HANK B AIG, AND STEPHEN F. VAT

NER . Cardiouascular effects of radioactiue microsphere sus
pensions and Tween 80 solutions. Am. J. Physiol. 232(3): 
H331- H334, 1977 or Am. J . Physiol.: Heart Circ. Physiol. 1(3): 
H331-H334, 1977. -The cardiovascular effects of two concen
trations of Tween 80 (polyoxyethylene sorbitan mono-oleate), 
a surlace-active agent commonly used to prevent aggregation 
of radionuclide-labeled microspheres, were examined in con
scious dogs. Two types of adverse reactions were noted. The 
first (Type A) consisted of reductions in cardiac dimensions as 
well as hypotension and tachycardia. The second (Type B ) was 
less severe and involved only a decrease in cardiac dimensions 
with no change in left ventricular systolic pressure or heart 
rate. A 10% dextran solution with .05 ± .02% Tween 80 in
jected into the left atrium caused systemic and/or cardiac 
alterations in all four dogs studied. Administration of a lower 
concentration of Tween 80 (0.01 ± 0.005%), which was the 
minimum concentration necessary to prevent aggregation of 
microspheres, induced adverse reactions in 6 of 41 dogs stud
ied. Subsequent administration of this concentration of Tween 
80 on the same day rarely induced adverse reactions. Thus, 
care must be exercised in application of microsphere tech
niques to organ blood flow measurements when Tween 80 is 
used to prevent microsphere aggregation, since this surlace
active agent causes profound alterations in cardiac dynamics 
in concentrations normally employed in experiments involv
ing microsphere techniques. 

cardiac volume; radionuclide; myocardial blood flow; cardiac 
dynamics 

tension if major channels to the heart and brain were 
occluded. For the prevention of aggregation, the micro
spheres are generally kept in suspension by addition of 
the surface-active, polyoxyethylene sorbitan mono
oleate (Tween 80; Fisher Scientific Co., Pittsburgh). 
Since the application ofmicrospheres to the study of the 
circulation assumes that the microsphere suspension 
does not alter cardiovascular dynamics, it is surprising 
that despite previously demonstrated hemodynamic ac
tions of Tween (4, 10), little attention has been focused 
on the effects of this agent, per se, when microsphere 
techniques are employed. 

The results from preliminary experiments in our lab
oratory in conscious dogs indicated that significant he
modynamic changes occurred subsequent to left atrial 
injection of microspheres, which were suspended in 
0.05% Tween 80-10% dextran and whose dispersion 
was verified by microscopic examination. To determine 
the cause of these adverse reactions we examined re
sponses of conscious dogs to solutions of 10% dextran 
and Tween 80 with and without microspheres. Since 
microspheres are frequently used to assess intramyocar
dial distribution of coronary blood flow, particular at
tention was paid to the effects of left ventricular pres
sures and dimensions, i.e., important determinants of 
myocardial oxygen consumption and consequently coro
nary blood flow (2) . 

METHODS 

RADIONUCLIDE-LABELED microspheres are widely used to Mongrel dogs of either sex, 20-25 kg, were anesthe
assess the distribution ofregional blood flows (7, 13) and tized with sodium pentobarbital, 30 mg/kg. The instru
distribution of blood flow across the myocardial wall (3- mentation was implanted through a left thoracotomy in 
6, 9). Many potential sources of error for this technique the fifth intercostal space. Catheters were inserted into 
have been analyzed in detail. For instance, Buckberg et the left atrium for injection of microsphere suspensions 
al. (3) have defined requirements for speed of arterial and Tween solutions. Left ventricular pressure was 
reference blood withdrawal and number and distribu- measured with an implanted miniature solid-state 
tion of microspheres in tissue for statistically valid flow gauge (Konigsberg P 22; Konigsberg Instruments Inc., 
determination. Another possible but important source Pasadena, Calif.). A segment length of the left ventricle 
of error is recognized, i.e., formation oflarge aggregates was measured with a pair of miniature (1 mm) ultra
of microspheres, which would result in both nonuniform sonic crystals implanted intramyocardially 1-2 cm apart 
distribution of the spheres and might also cause hypo- to assess regional myocardial segment length (40 dogs) 
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or a pair of crystals implanted across the ventricular 
wall to measure wall thickness (three dogs) (8, 12). 

All animals were allowed to recover from operation 
for a period of 1-4 wk before study. When the conscious 
dogs were resting quietly, recordings of left ventricular 
pressure, segment length, and heart rate were made. 
Radioactive microspheres (3M Co., St. Paul, Minn.) of 
either 15 ± 5 µ,m or 9 ± 1 µ,m in diameter were sus
pended in solutions of either .05 ± .02% or .01 ± .005% 
Tween 80 in 10% dextran. Aliquots (0. 7-2 ml) of these 
suspensions were injected in the left atrium, followed by 
2-5 ml of physiologic saline. To determine if the vehicle, 
rather than the microspheres, wa'3 responsible for the 
alterations in cardiovascular hemodynamics, the super
natant derived from the suspensions by centrifugation 
was injected into the left atrium in different dogs. To 
determine if dextran alone was responsible, dextran 
was injected into the left atrium. 

In a final series of experiments microsphere suspen
sions that were in .05% Tween 80 for several weeks were 
centrifuged. The supernatant was drawn off and re
placed with saline. This procedure was repeated and the 
supernatant derived from the second centrifugation was 
injected into the left atrium of conscious dogs. 

RESULTS 

Two types of adverse reactions were observed. The 
first ( Type A) was more severe and involved systemic as 
well as cardiac changes (Fig. 1). Left ventricular (L V) 
systolic pressure fell from 116 ± 4 to 85 ± 12 mmHg, 
while heart rate rose from 101 ± 7 to 146 ± 7 beats/min. 
LV end-diastolic pressure fell from 7 ± 1 to 3 ± 1 mmHg, 
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while LV end-diastolic dimension fell by 17 ± 6% from a 
control of 12.05 ± 1.38 mm and wall thickness rose by 
13%. In the seven animals in which this type ofreaction 
was observed, these changes occurred from 0.5 to 2.0 
min after the injection, were all significant, P < 0.01, 
and returned to control between 2 and 25 min. More 
prolonged reactions were observed in animals not in
cluded in this study, where more than 2 ml of .05% 
Tween was injected in the left atrium. 

The second type of reaction (Type B) involved only 
decreases in cardiac dimensions and LV end-diastolic 
pressure while LV systolic pressure and heart rate did 
not change significantly. In the six animals in which 
this reaction was observed LV end-diastolic dimension 
fell by 5.3 ± 1.2% from a control of 15.70 ± 0.99 mm and 
wall thickness rose by 5% while L V end-diastolic pres
sure fell from 10 ± 2 to 6 ± 1 mmHg. Peak dP/dt did not 
change significantly, which, in the face of reduced pre
load, may reflect a slight increase in the inotropic state. 
Figure 2 shows a typical Type B response. These 
changes occurred from 0.5 to 2.0 min and returned to 
control within 5 min. 

The number of dogs exhibiting each type of reaction is 
shown in Table l. Microsphere-free supernatant from 
centrifuged suspensions produced similar hemodynamic 
reactions as did the suspensions themselves indicating 
that the Tween 80 solutions rather than the micro
spheres, per se, were responsible for the adverse reac
tions. This response was also obtained with Tween 80 
solutions never in contact with microspheres. However, 
prolonged contact between Tween solutions and micro
spheres seemed to increase the probability of adverse 
reactions, since .05% Tween 80-microsphere suspen-

TWEEN SOLUTION 

LV PRESSURE 
CmmHg) 

LV dP/dt 

HEART RATE 
(beats/min) 

.. 

4500[ , I, 1 

0 ......,...,.._ _ _,_,,rl· 

1 sec 

FIG. 1. Typical Type A response t,o injection of 0.05% concentra
tion of Tween 80 in 10% dextran solution through a left atrial 
catheter is shown to induce hypotension, tachycardia, and a substan-

L__J 

30sec 

tial reduction in left ventricular end-diastolic segment length to
gether with a reciprocal increase in wall thickness. 



CARDIAC EFFECTS OF TWEEN 80 
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TABLE 1. Adverse reactions to Tween 80 

Total Number 
of Animals 

Studied 

1) 0.05% Tween solution 4 
2) Aged microsphere-Tween 8 

suspension* 
3) 0.01 % Tween solution with 25 

microspheres 
4) 0.01% Tween solution 16 

Number of Reac-
tions Observe\! 

Type A TypeB 

2 2 
2 1 

3 2 

0 1 

* Microspheres were suspended in a .05% Tween and held for 2-4 
wk. Prior to injection, the rnicrosphere suspension was centrifuged 
twice and replaced with saline (no Tween) each time. After the 
second saline replacement, the suspension was centrifuged and the 
supernatant was injected. 

sions, which had been in contact for several weeks, but 
prior to injection had been centrifuged and washed twice 
with saline, still frequently produced adverse reactions 
(Table 1). Dextran alone did not produce detectable 
hemodynamic changes. When dry microspheres were 
freshly suspended in .01 % Tween 80 solution, adverse 
reactions were rarely noted. 

The occurrence of adverse reactions subsequent to 
.05% Tween 80 solution injections could not be repeated 
in the same animal on subsequent injections in the 
same day, despite return of cardiac and hemodynamic 
parameters to preinjection control values. However, 24-
48 h after the initial reaction a second adverse reaction 
could be evoked with injection of Tween 80 solution. 

DISCUSSION 

Tween has been reported to have extremely low 
toxicity; subcutaneous injections in rats have failed to 
significantly increase mortality until a dose of0.25 ml of 
12% Tween 80 solution was injected each week for 27 wk 
(11). However, a related polyoxylated fatty acid deriva
tive (Tween 20) has been reported to release endogenous 
stores of histamine, increase capillary permeability, 
and result in an anaphylacticlike syndrome (4, 10). The 
similarity between these findings and those reported in 
this paper are noteworthy, especially considering the 
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FIG. 2. Type B reaction showing a 
decrease in regional myocardial di
mensions without associated changes 
in heart rate or left ventricular systolic 
pressure, when 0.01% concentration of 
Tween 80-10% dextran solution was 
injected into left atrium in a conscious 
dog. 

Type A reaction, which involved hypotension. Hypoten
sive reactions subsequent to microsphere injections 
have been noted by others as well (5), but have not been 
attributed to the surfactant. Since Tween 80 solutions, 
both with and without microspheres, produced similar 
hemodynamic changes in the present study, it was con
cluded that the surfactant, rather than the micro
spheres, were responsible for the adverse reactions. 

In addition to the reaction involving systemic hemo
dynamic changes (Type A), we observed milder adverse 
reactions involving a reduction in cardiac dimensions 
without detectable systemic effects (Type B). The effect 
of the surfactant would have been overlooked in these 
cases if cardiac dimensions were not measured (Fig. 2). 
Moreover, the effect would have been more difficult to 
observe in the open-chest anesthetized dog, where car
diac size is diminished (14). The observation in con
scious dogs that cardiac size fell while left ventricular 
systolic pressure and heart rate did not change implies 
that wall tension fell, which would lower myocardial 
oxygen requirements and consequently alter myocar
dial blood flow. This latter aspect gains importance in 
view of the fact that suspensions of radioactive micro
spheres and Tween 80 are widely used to determine the 
distribution of intra.myocardial blood flow (1,5,6,9). 

The onset of the observed cardiac size changes or 
systemic hypotension occurred from 30 s to 2 min after 
the beginning of microsphere injections. Potential er
rors in regional myocardial flow determinations should 
be anticipated in cases in which the adverse effect had 
an early onset (30 s), but should be minimal in cases in 
which cardiovascular effects occurred later (2 min) since 
the microspheres should have been distributed prior to 
the change in hemodynamics. However, in both in
stances, subsequent flow determinations would be seri
ously compromised if an injection were undertaken dur
ing recovery from the adverse response. Subsequent 
injections of microspheres should be carried out only 
after cardiac size, arterial pressure, heart rate, and 
indices of contractility have returned to control, which 
in these animals occurred within 0.5 h, but in other 
animals occurred much later where more than 2 ml of 
.05% Tween was injected. 
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The observed adverse reactions to Tween-microsphere 
suspensions were determined to be due both to the 
amount of Tween injected and to the length of time that 
the Tween solution remained in contact with the micro
spheres. Accordingly, to avoid these adverse reactions, 
we use a minimal level of Tween 80 (.01 %) to suspend 
the microspheres. The solution is then agitated for 30 
min by ultrasonic probe and placed in an ultrasonic bath 
until the moment of injection. Dispersion of the micro
spheres is verified by microscopic examination. Since 
the length of time during which microspheres and su-
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AN EVALUATION OF 

C1t.T1DIOVASCULAR DECOr.J'DITIONING 

COUNTERMEASURES 
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Introduction 

The anticipated cardiovascular and muscular deconditioning which will 

be e}..rperi enced by astronauts duri ng prol onged space flight is of 

increasi UG i mportance. Concern exists over the possibility of increased 

susceptibility to syncope, especially duri ng critical re-entry and early 

post landing periods. Whether this orthostatic intolerance is secondary 

to la.·1-g effects ( "prolonged weightlessness") or merely t o enforced 

rlotor inactivity has not been resolved. This technical bri ef descri bes 

the U1SC 's recent i nterest in the use of la-1er body ne~ative pressure 

and exercise as specific countermeasures to deconditioning effects • 
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Background 

Over the past fet-r years there has been considerable research accomplished 

in an effort to find effective counterineasures to weightlessness and 

the confine1ent of space travel. 'rhe principle f orms of d.econditioning 

to be considered here i nclude hemoconcentration with a reduction of' 

blood volume, orthostatic intolerance, and a reduction of work capacity 

as evidenced by a loss of work :performance. 

4iller (1965) studied the use of moderate exercise (bicycle-like device) 

as a decondi tioning counterr,1easure duriri.g four weeks of bed rest. He 

found that the exercising group did as poorly as the control group as 

evidenced by blood volume losses (average of' 1212 ml); orthostatic 

i ntolerance, and reduced work capac;:ity. He concluded that his exercise 

program did not su.fficiently stress the circulatory system • 

Vogt and Vallbona (1965) did an extensive evaluation of absolute bed 

rest contrasted with bed rest plus isometric exercise. T'ne exercise 

consisted of a thrust f orce equal to 300 lbs and was per:forr.1ed six 

ti~1es a day . A moderat~ p1~otection of orthosta.sis was demonstrated by 

a less steep change in the slopes of heart rate and blood pressure in 

the exercise Group. There was a decrease in blood volume dur.ing the bed 

rest/exercise program as compared to the absolute bed rest sequence. 

Ability to lll8.intain a baseline worlt load on the bicycle ergometer was 

iraproved in the bed rest/exercise group. 

Cooper (1966) has shOW'll that pre-training with vigorous supine e--ercise 

(bicycle ergometry}, and exercise during bed rest at n level of 750 to 

1,000 KCal/day, e1::erts a moderate protective effect on the cardiovascu

lar syst em. He also observed significant mai ntenance in work capacity 

and less tendency tO'i·rards hemoconcentration .•. 
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Venous occlusive cuffs have been used in two principle studies. 

Vogt (1965) demonstrated prot ection of plasma volume and orthostatic 

intolerance during a six hour water immersion study when cuffs 

inflated to 6o mm Hg were applied to the upper thigh i n a one minute 

on - one minute off sequence. In this study he used four subjects 

uho served as their Cl!·m controls. As controls, three of the four had 

syncopal reactions on the tilt table. When using the cuff~the sub

jects responded about as well as their pre-te·st baseline . 

Stevens (1966) deconditioned subjects for 28 days and t hen applied 

cui'::fs inflated to 4o mm Hg to the upper thigh continuously for 16 hours 

per day for four days. Plasma volume was replenished from 290 ml to 

100 m1 belO!-r baseline but orthostatic intolerance persisted. 

Stevens (1965) discussed the mechanism of using 10!-rer body negative 

pressure (I.BNP). He established what l evels of negative pressure 

could be tolerated by subjects. At -Eb rmn Hg all subjects devel oped 

symptoms of impendi ng syncope, at -6o mm Hg 30% of the subjects lasted 

20 minutes, at -ll-0 mm Hg 42% survived, and at -25 rnm Hg all subjects 

tolerated t he procedure . This work was done preliminary to using LBN'P 

as a deconditioning countermeasure. 

Lamb (1965) investigated only the effect of LBllJP on experimentally 

produced dehydration. He found that two days of 12 hour per day appli

cation of LBN·P replenished the plasma volume losses and .returned the 

henatocrit levelG to normal. In this initial study he di d not i nvesti

gate changes i n orthostati c intolerance. 

Stevens (1966) conducted an extensive eval uation of LBNPwith a total 

of 4o subjects. Positive results of mai ntenance of plasma volume 

levels, work performance ( treadmill tolerance) , and orthostatic reflexes 
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were found in each of the folla-TiUG evaluations. 

1. The use of LBUP daily during 28 days of bed rest. The LBNP was 

used 1: hours per day, cycled between 50 mm Hg for four minutes 

a.nd 25 imn of Hg for ~vro mi nutes . 

2. The use of LBNP, after 11 days of absolute bed rest, for three days 

at -30 mm ITg for 10 hours per day. 

3. The use of LBNP-af'tcr 28 days of absolute bed rest at 10,000 and 

12,000 feet simulated altitude. The LBNP was used for two days 

at -30 rnm Hg for 10 hours per day. 

As these studies suggest, there are several unexplored areas in rela

tionshi~ to using counten~easure devices under actual space f light 

conditions. As yet the minimum quantity of negative :pressure and 

length of exposure tine needed for the prevention of cardiovascular 

deconditioning is far f romadequatelydetel"Illined. It is anticipated 

thet one person, unassisted, could operate the chamber using appropri

ately designed safety switches; ha-rever, this needs further investigation . 

The use of a bicycle ergometer does help in preventing muscular decon

ditionine . Brief periods of vigorous exercise has been sham to prevent 

drastic degradation i n worlt perfonnance dur-lng deco~ditioning experi uents. 

Optimum scheduling and length of the exercise periods still needs 

delineation. 

The il•1SC Biotechnoloc;y organization has developed prototype f light models 

of both a bicycle crgometer and a lot·rer body negative pressure (LBNP) 

chamber (Figure 1) under Contract #AF41(609)-28oO; 11Develop.nent of 

Space Flight Devices to Diminish or Prevent ·che Deconditioning Effec·cs 

of Wei ghtlessness". The equ.i1)Dlent is currently undergoing investigation 

at the USAF S hool of Aviation 1edicine under the direction of Major K. 

Cooper (MC) USAF. An operational difficulty vrith the prototype LBWP 
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chamber has been the r ubber gasltet subject seal (Figure 2) separatinr; 

at hic;h negative pressure (-6o to -eo mm Hg). I.MSC has developed an 

:improved rubber gasket incorporating a layer of stretchable fibers 

which has performed satisfactorily even at high negative :pressure 

levels. In addition, the integrated use of the LBJ.~P chamber and 

bicycle ergometer has been proposed as a deconditioning countermeasure • 
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Il-1SC Recent Efforts 

A recent company funded effort has been t o i nvesti gate the use of the 

i ntegrated LBNP chamber/bicycle ergometer as a countermeasure to pre

vent muscular and cardiovascular decondi tioning. Experiments wer ~. done 

to eval uate any synergistic effect between I.BNP and exerci se which 

might decrease the t ime needed to prevent deconditioning . 

1. Abbreviat ed Protocol 

Rapid 36-48 hour deconditioning of four t rained volunt eer subjects 

was done using a combi ned water irmnersion/bed rest technique (six 

hour periods of salt water .immersion alt ernating with 18 hours of 

bed rest). See Fi gure 3. Prior t o the actual test there was a 

six week t rai ni ng period during which baseline data was obtai ned 

for the blood pressure and heart r ate responses to the tilt tabl e 

test and exercise on the er gometer. Half of the subject s ( experi 

mental group) spent 1A10 hour periods, t wice a day, i n the combi ned 

LBNP/Ergometer device . During these two hour periods the negative 

pressure was vari ed between -20 mm Hg and - 30 rmn Hg and there were 

six evenly spaced exerci se periods of five minutes duration each. 

0 
Pre- and post-experiment testing i ncluded tilt t abl e endurance (Bo 

head up tilt for 21 minutes), work per formance using an upright 

ergometer, resting o2 consumption, vital capacity , plasma volume 

(RISA), hemogram, and a controlled Valsalva maneuver (40 mm Hg flack 

test). Medical moni t ori ng of the EKG:, heart rate, core ·temperat ure 

(external auditory canal), and bl ood pressure was conducted using 

standard bioi nst rument ation nethods . 

2. Result s 

A full report of the experiments i s bei ng prepared . Briefl y, the 

results are as follows . 
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A. Within 48 hours, using our combined water i mmerni on/bed rest 

technique, previousl y well conditioned subjects showed con

s i derable cardi ovascular and muscle deconditioning . This was 

demonstrated primarily by a decreased plasma volume, decreased 

exercise t olerance (e rgometer), and decreased tilt table 

tolerance. 

B- Countermeasures to deconditioning carried out duri ng the test 

period by usi ng a combined _Ll3NP/Bicycle Ergometer prevented 

sor.1e muscle deconditioning. The experimental subjects (exer

cise) were abl e t o perform equally well on the upri ght er~ometer 

af ter the test as before. The control subjects (no exerci se) . 

uere not able to perform at pre-test standards. See Fi e;ure l : .• 

c. However, the combi ned exercise/negative pressure exposure clur

ing the t est period did not appear to protect the experimental 

subjects from cardiavascuJ.ar deconditioning . See Figure 5. Why 

this combinati on was not effective is not clear. The small 

sample s i ze made the experilnent subject to the knam variability 

in us i ng biolocical sampl es . It is possi ble that concomitant 

use of the bicycle erGometer and WTP ·chamber may be acting in 

an ant agonis.tic nanner rather than a synerc;istic manner. The 

maximum pressure ·used (-30 ·mm Hg) IDE.Y not have been severe 

enough, or its period of application long enough to have an 

eff ect. The optit1uL1 degree of I.J3NP application t o prevent or 

reduce the cardiovascular deconditi oning effects of weightless

ness 1:iust be establ ished. In addition, this regime must be 

compatible with realistic astronaut uork- rest cycl es • 
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Technical Approach 

A 10 day combi ned bed rest/water i I!ll1ersi on clecondi t i onine experiment 

using countermeasures is pr oposed . The object s of t he experi ment are 

as follows. 

1. Investigat e the use of the l0vrer body negative pressure (LBI>JP) 

cha.i~ber as a bri ef di aenostic test t o quantitatively detect i n

f light cardiovascular deconditioni ng . 

2. Investi gate the benefit of i ntensive end-of-flight reconditioning 

usi ng t he LBNP chamber duri nc; the s l eep phase of a normal work/rest 

cycl e . 

3. D=monstrate the benefit of brief, daily supine exercise with a 

bicycl e e rgor.ieter duri ng f light in maintaining work perf'ormance 

by preventi ng muscular deconditi onine-

The reasons for reaching t hese objectives are as folla;-rs; As yet, no 

quantitative dai ly detection of t he amount of cardiovascular decondi

tionine; an astronaut i s experienci ng has been possible. Using the 

Ll3i\lP ch.amber as a diagnostic test, a method of re~atedly t estinr; 

vascular refl exes norr.ially operative under a 1-g environment would be 

possibl e. The supi ne LBNP chamber would then be ·substituting as a . . 

silnplified i n- flight tilt table test. The :para.met er s for quantit atinG 

the a.moun'G of deconditioni ng that i s occuri ng would be t he change i n 

heart rate and bl ood pressure measurenents as compared to on ground 

baseline mea surer:1.ents. Once quantif i cati on of a.econdi tioning has 

been established, t he sane LB'NP cha.nber could t hen be used as treat

r:1ent to counteract the deconditioni ng. Hhen it i s sham that cyclic 

LBNP can safely be appl ied to a.n astronaut during six hours of s l eep 

and be effective against cardiovascular deconditioni ng it's use in a 

spacecraft u ill be s i mplified . And s i r.J.ilarly, an experiment demon- . 

strating t he benefit of bri ef periods of vigorouo oupi ne exercise in 
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preventing significant muscle deconditioning would be accomplished. 

An experiment desi gned to accomplish t hese objects is as follows • 

1. Four volunteer subjects who have passed the Class II Air Force 

physical will be chosen . 

2. A pre-training evaJ.uation will be as f ollavrs. 

A. Each subject will sleep in the LBNP chamber f'or six hours. 

During this period the negative pressure will be cycled 

hourly from -4o mm Hg to O mm Hg and back to -lJ.O mm Hg again. 

This will demonstrate the safety in having an untrained sub

ject sleep in the LBNP chaI!lber. 

B. A hemogra.m and urinalysis will be obtained. 

3. A six week training period will be as follavrs for each subject. 

A. Exercise daily ;t',o-r - se~tei;i minutes on the supine bicycle 
:· ' ---... 

B. 

c. 

ergr-:ne cefl· ( 200 watts) . 
... , :, 

']}rice o. weel~ speqgr 30 minutes in the LBNP chamber with a 

setting of ::.lj.() mm Hg. ( "Diagnostic LBNP test "l 
0 

'l\-rice o. week spend 30 minutes on the tilt table at 90 head 

up tilt. 

D. Obtain working oxygen cons1ID.ptions ( ergometer test) • 

4. The 10 day experiment period will be as fallows. 

A. Pre-experiment test data will consist of: 

(1) Baseline values of blood pressure and heart rate -obtained 

during the training period for the 30 minute LBNP chamber 

test, tilt table test, and supine bicycle ergo .1eter 

exercise. 

( 2) Plasma vol1.11ne, hemogram and urinalysis. 

(3) Harki ng oxygen consumption on the ergometer • 

B. The subjects will spend 10 days at bed rest with daily f'our 

hour periods i mnersed in salt wat er to hasten and enhance 

a.econditioning . 
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c. Daily t he subjects will: 

( 1} 'l\rice exercise on t he supine bicycl e er gometer for neven 

minutes a t 200 watts. Worki ng oxygen consumption will be 

obtained concurrently. 

( 2) Have a diagnostic 30 minute LBNP chamber test at - h,O uirn. Hg . 

The blood pressure and heart rate values f or the above procedure, 

pl us the oxygen consill.1pti on, when compared t o the :pre-experi ment 

baseline val ues would a llOl-r a quantitative assessment of the 

amount of deconditioning that i s occurring . 

n. On the seventh day (three days prior to the end of the test), 

t reatr.ient with the LBNP chamber will cor!lmence. At ni ght, each 

subject will spend six hours sleepi ng i n a I.BNP ch.amber with 

cyclic negative pressure applied . During the day, diagnostic 

ussessnent of the az:1ount of r e conditioni ng will continue to be 

• done using t he 30 minute LBNP test. 

• 

E. Post- ex:-periment test data will consist of ·tilt t abl e test 

r esults, worldng O>..'Yc;en consumption (ere;ometer), and pl asma 

vol urJ.e . 

The results will sh<J\-T t he value in the use of t he bicycl e er gometer ancl 

the l e1,1er ·body negative pressure chamber as effective countermeasures 

to t he decondi tioning effects of :prol onged weightlessness. 

Scope of Effort 

The :project would ext end over s i x months, require 4, 000 nan hours and 

,;;S,ooo i n 1.10.ter ials (incl udes fabri cati on of four LBHP chanbers) • 
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