
Retarding Effect of Lowered Heart Rate on 
Coronary Atherosclerosis 

Abstract. The role of heart rate in the development of coronary atherosclerosis 
was assessed in adult male cynomolgus monkeys (Macaca fascicularis). Heart rate 
was lowered in six animals by surgical ablation of the sinoatrial node. A sham 
procedure, which included all of the surgical Jteps except for sinoatrial node 
ablation, was carried out in eight animals. All of the monkeys were fed an 
atherogenic high cholesterol diet for 6 months, and heart rates were monitored 
repeatedly by telemetry during 24-hour test periods. Coronary atherosclerosis in 
animals with postoperative heart rates less than the preoperative mean for all of the 
animals that underwent surgery was less than half that of animals with heart rates 
above the mean or of diet-fed control animals not subjected to surgery. Croups did 
not differ in blood pressure, serum  lipid^, or body weight. These results suggest that 
heart rate in itself may contribute to the mechanisms by which behavioral patterns 
and physical training influence coronary artery disease. 

Atherosclerosis does not affect all hu- 
man arteries to the same extent. Coro- 
nary arteries, the carotid bifurcation, the 
abdominal aortic segment, and vessels 
supplying the lower extremities are fre- 
quently severely affected, whereas mes- 
enteric, renal, pulmonary, intercostal, 
and mammary arteries are usually spared 
(I) .  Locations around branch points and 
curves are particularly prone to lesion 
development. These differences in distri- 
bution have been attributed, at least in 
part, to  local hemodynamic effects (2) .  
Although the mechanisms by which such 
effects influence plaque formation re- 
main to be elucidated, evidence has ac- 
crued from quantitative correlative stud- 
ies of the human carotid bifurcation that 
relatively high wall-shear stress is not 
the principal predisposing hemodynamic 
factor (3). Plaques are most prominent in 
the proximal internal carotid segment 
opposite the flow divider, where flow 
velocity and wall-shear stress are low 
and where flow separation results in vor- 
tex formation, recirculation, and delayed 
clearance of circulating particles. The 
hemodynamic features that correlate 

strongly with plaque formation in this 
location are accentuated by pulsatile 
flow (4)  during which forward and re- 
verse flow patterns are observed, partic- 
ularly during the down-stroke of systole. 
Thus, low wall-shear stress and oscilla- 
tions in shear stress direction between 
positive and negative values are the he- 
modynamic features most closely corre- 
lated with lesion localization at the carot- 
id bifurcation, a major site of clinically 
significant disease. 

Coronary artery plaques also tend to 
localize preferentially at the major proxi- 
mal branch points in zones of presumed 
relatively low flow velocity and low wall- 
shear stress opposite the branch flow 
dividers (5) .  The predisposition of the 
coronary arteries to severe atherosclero- 
sis, often out of proportion to the in- 
volvement of other susceptible vessels in 
the same arterial tree (6), may be attrib- 
utable to  a particularly marked effect of 
pulsatile flow at this location. Coronary 
arterial flow decreases initially in systole 
during the isovolumetric contraction and 
rapid ejection phases, increases briefly 
when peak systolic aortic pressure ex- 

Table 1. Severity of coronary artery lesions in each experimental group. Differences between 
the groups receiving the sinoatrial node ablation and the sham operation were not significant for 
any of the three criteria of lesion severity. Average lesion severity in animals subjected to 
surgery did not differ significantly from that found in animals fed the atherogenic diet but not 
operated on (diet-only group). When animals that had been operated on were classified 
according to whether heart rate was below the preoperative mean (low heart rate) o r  above the 
preoperative mean (high heart rate), differences in average lesion severity were significant by all 
three evaluation criteria. Animals with high heart rates had twice as much disease as those with 
low heart rates. 

Group Num- Lesion area Average Maximum 
ber (mm2) stenosisx stenosist 

Sinoatrial node ablation 6 0.35 + 0.51 16.4 + 14.0 31.1 t 19.0 
Sham operation 8 0.31 + 0.44 20.4 + 19.9 38.9 t 28.4 
Diet only 8 0.38 t 0.19 23.8 + 15.6 49.7 t 24.4 

High heart rate 
Low heart rate 

- ~~~~~ 

*Average percent stenosis for all animals within a group. *Average percent stenosis of lesions with the 
maximum stenosis for each animal within a group. 

ceeds intracoronary pressure, and de- 
creases again during the remainder of 
systole as intramyocardial pressure in- 
creases the resistance to  flow. A net 
reverse flow has actually been shown to 
occur during systole with high heart rate 
(7). 

In diastole, during isovolurnetric re- 
laxation, when both intramyocardial and 
intraventricular pressures are lowest, 
coronary blood flow is greatest, but de- 
creases slowly as intraventricular pres- 
sure builds during ventricular filling (8). 
Thus, in contrast to  other systemic arte- 
ries, the coronary arteries are subjected 
to two systolic episodes and one diastol- 
ic episode of flow acceleration and decel- 
eration during each cardiac cycle. If the 
demonstrated quantitative relationships 
between flow field properties and plaque 
thickness about the carotid bifurcation 
also prevail in the coronary arteries, a 
relatively high heart rate should amplify 
atherogenesis selectively in the coronary 
arteries and a low heart rate should exert 
a relative sparing effect. This suggestion 
is strengthened by epidemiologic stud- 
ies, which have revealed a positive cor- 
relation between heart rate and clinical 
coronary heart disease ( 9 ) ,  and by ex- 
perimental studies, which have linked 
psychosocial stress and marked excur- 
sions in heart rate with coronary artery 
disease (10). 

To  test whether heart rate could modi- 
fy coronary atherogenesis independent 
of metabolic changes that may accompa- 
ny physical conditioning or behavioral 
stress modification, we lowered heart 
rates in adult male cynomolgus monkeys 
by ablation of the sinoatrial node. This 
was accomplished in six of nine attempts 
by electrocautery of the crista terminalis 
at the entry of the superior vena cava 
into the right atrium and suture of the 
resulting defect. In eight other monkeys, 
we performed a sham surgical procedure 
identical in all respects to the ablation 
operation, except that the region of the 
sinoatrial node was not injured. One 
month after surgery, all of the monkeys 
that underwent surgery were fed an ath- 
erogenic diet that included 25 percent 
peanut oil and 2 percent cholesterol. The 
precise composition of the diet is de- 
scribed elsewhere (11). Heart rates dur- 
ing 24-hour test periods were recorded 
by radiotelemetry at four intervals: pre- 
operatively, postoperatively at 4 weeks, 
and then bimonthly twice. Serum total 
and free cholesterol, triglycerides, phos- 
pholipids, and cholesterol esters as well 
as body weights were determined month- 
ly. Blood pressure was measured direct- 
ly at surgery and before animals were 
killed. Six months after the atherogenic 
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Table 2. Comparison of blood pressure, body weight, serum cholesterol, and triglyceride values for low heart rate and high heart rate groups. 
Differences between the groups were not significant. 

Num- Blood pressure (mmHg) Weight Cholesterol (mgldl) Triglyc- Group ber (8) erides 
Systolic Diastolic Total Free (mgldl) 

High heart rate 5 126 t 8 7 4 2  6 5984 t 1819 838 i. 324 195 i. 102 9.5 t 7.4 

Low heart rate 12 129 r 36 79 t 21 5503 t 762 656 t 144 157 i. 45 10.6 t 4.4 

t-statistic 0.289 -0.720 0.751 1.208 0.802 -0.311 

diet was started, each animal was anes- 
thetized, and the heart and great vessels 
were fixed in situ by controlled and 
monitored pressure perfusion at 100 
mmHg with 3 percent gluteraldehyde in 
Sorensen's phosphate buffer. Six sam- 
ples o f  the proximal coronary artery 
tree, including sections o f  the right, left 
circumflex, and left anterior descending 
branches, were removed as complete 
transverse rings at standard, anatomical- 
ly defined, sampling sites (12). Coronary 
atherosclerosis was evaluated from plas- 
tic-embedded semithin ( 1  pm) histologic 
sections by means o f  computer-assisted 
contour-tracing morphometry; the appa- 
ratus used has been described (13). The 
total number o f  coronary intimal lesions 
was determined for each monkey, and 
lesion cross-sectional area and percent 
stenosis were determined for each sec- 
tion. Percent stenosis was defined as the 
fraction o f  the area circumscribed by the 
internal elastic lamina that was occupied 
by intimal plaque. The vessels o f  eight 
control monkeys not operated on, but 
maintained on the same atherogenic diet 
for 6 months, were prepared and studied 
in the same manner as those of  animals 
subjected to surgery. Each o f  the ani- 
mals was housed in an individual cage 
under similar conditions. The investiga- 
tor who measured the sections had no 
prior knowledge o f  treatment group or 
heart rate o f  the animals in the study. 
The Mann-Whitney test was used for 
statistical comparisons o f  morphologic 
measurements. 

The preoperative heart rate for all o f  
the animals treated surgically was 
136 r 22 beats per minute (mean- 
* standard deviation). In the six ani- 

mals in which sinoatrial node ablation 
was successful, the heart rate was re- 
duced 31 percent, from 148 i 1 1  to 
103 " 20 beats per minute (P < 0.001). 
Reduced heart rate, which was apparent 
on the initial postoperative determina- 
tion in these animals, persisted through- 
out the experimental period. The three 
animals o f  the sinoatrial node ablation 
group that did not have a reduced heart 
rate postoperatively, as well as the eight 
animals that had sham operations, main- 

tained heart rates similar to those mea- 
sured before surgery. The postoperative 
heart rate for all o f  the animals subjected 
to surgery, including successful sinoatri- 
a1 node ablation, attempted ablation, and 
sham operation, was 120 -+: 26 beats per 
minute. Five animals had mean heart 
rates above the preoperative mean for all 
animals (high heart rate group) and 12 
had mean heart rates below the preoper- 
ative mean (low heart rate group). All six 
with successful sinoatrial node ablation 
were in the latter group (Fig. 1 ) .  

Lesion area, percent stenosis, and per- 
cent stenosis o f  the most occlusive le- 
sion, were not significantly different for 

Heart rate (beats per minute) 

Fig. 1. Distribution of animals according to 
heart rates (A) before and (B) after surgery. 
Animals in the sinoatrial (SA) node ablation 
group are those that underwent successful 
sinoatrial node ablation as determined by a 
postoperative reduction in heart rate. Animals 
that underwent all steps of the operative pro- 
cedure except sinoatrial node ablation or that 
experienced no reduction in heart rate after 
sinoatrial node ablation are in the sham opera- 
tion group. The average preoperative heart 
rate for animals that underwent surgery was 
136 22 beats per minute. The average post- 
operative heart rate was 120 & 26 beats per 
minute. Twelve of the animals after surgery 
had an average heart rate on multiple telernet- 
ric determinations that was less than the pre- 
operative mean value. These constitute the 
low heart rate group (L). Five animals with an 
average heart rate after surgery above the 
preoperative mean constitute the high heart 
rate group (H). 

the animals having sinoatrial node abla- 
tion and those having the sham operation 
(Table 1 ) .  However, comparisons be- 
tween the low and high heart rate groups 
showed significant differences (Table 1 ) .  
In animals with heart rates above the 
preoperative mean for all animals, the 
number and severity o f  coronary artery 
lesions was more than twice that o f  ani- 
mals with heart rates below the preoper- 
ative mean. The animals in the high heart 
rate group had an average percent steno- 
sis o f  28.1 t 20.9, whereas those in the 
low heart rate group had an average 
percent stenosis o f  13.1 i 12.2 (P 
< 0.07); the average percent stenosis for 
the control group was 23.8 t 15.6. Le- 
sions with more than 25 percent stenosis 
were found in 41 percent o f  the coronary 
artery sections from animals with a high 
heart rate but in only 18 percent o f  the 
coronary artery sections from animals 
with a low heart rate; in the control 
group, 44 percent o f  the coronary artery 
sections had more than 25 percent steno- 
sis. The average of  the lesion areas for 
the animals with a high heart rate was 
0.48 r 0.47 mm2, compared to 0.21 i 
0.39 mm2 for those with a low heart rate 
(P < 0.05); in control animals, the aver- 
age of  the lesion areas was 0.38 +- 0.19 
mm'. 

The greatest difference between the 
groups was observed in the comparison 
o f  the percent stenosis by the most oc- 
clusive lesion (maximum stenosis). The 
most occlusive lesions averaged 
55.9 +- 23.1 percent stenosis in the high 
heart rate group, 26.1 r 18.8 percent 
stenosis (P < 0.02) in the low heart rate 
group, and 49.7 i 22.2 percent stenosis 
in the control group. There were no 
significant differences between the high 
heart rate and low heart rate groups in 
blood pressure, body weight, or serum 
lipid levels (Table 2). 

These findings support the hypothesis 
that a relatively low heart rate for an 
extended period tends to retard lesion 
formation in the coronary arteries. Al- 
though sinoatrial node ablation was used 
to produce a sufficient number o f  ani- 
mals with a low heart rate, the coronary 
sparing effect was independent o f  the 
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surgical procedure. Such a relationship 
could help to account for the protective 
effect of regular physical activity against 
coronary artery disease in man (14) and 
in experimental animals (l5), in that such 
conditioning results in lowered average 
heart rates (16) and therefore in a reduc- 
tion in total number of heart beats for 
extended time periods. Lowered heart 
rate results in more total time spent in 
diastole when changes in the rate of flow 
and departures from laminar unidirec- 
tional flow are least. Conversely, the 
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association of type A personality traits 
with coronary heart disease (1 7). and the 
experimentai finding (18) that psycheso- 
cia1 stress in monkeys predisposes to 
coronary plaque formation, could both Rhodopsin Kinase Activity in the Mammalian 
be the result of frequent stress-related Pineal Gland and Other Tissues 
elevations of heart rate that would tend 
to elevate average heart rate for extend- Abstract. Rhodopsin kinase, an enzyme involved in photochemical transduction in 
ed periods. Although the mechanisms the retina, has been found in the mammalian pineal gland in amounts equal to those 
are not entirely utlderstood, myocardial in the retina; other tissues had 7percent of this amount, or less. Thisfinding suggests 
oxygen extraction is improved with regu- that, in mammals, rhodopsin kinase functions in thepineal gland and other tissues to 
lar physical activity or exercise training, phosphorylate rhodopsin-like integral membrane receptors and is thereby involved in 
and physically fit individuals have a low- signal transduction. 
er baseline heart rate. a smaller increase 
in heart rate when stressed, and a more Rhodopsin kinase (RK) is a soluble Rhodopsin kinase activity was mea- 
expeditious return to baseline than do enzyme that selectively phosphorylates sured by incubating crude homogenates 
untrained individuals (19). The resulting photon-activated rhodopsin (1-3). It  is or supernatants (30,000g) of rat tissues 
long-term reduced heart rate in physical- thought to play a critical adaptive role in with [ y - 3 2 ~ ]  adenosine triphosphate 
ly trained individuals may also retard the 
progression of atherosclerotic lesions in 
their coronary arteries. The role of heart 
rate in the severity and distribution of 
atherosclerotic lesions merits further in- 
vestigation. 

POLLY A. BEERE 
SEYMOUR GLAGOV 

CHRISTOPHER K.  ZARINS 
Departments of Pathology and Surgery, 
University of Chicago, 
Chicago, Illinois 60637 

References and Notes 

1. S. Glagov and A. K. Ozoa, Ann. N . Y .  Acad. 
Sci. 149, 940 (1968). 

2. J. T. Flaherty, V. J .  Ferrans, J. E. Pierce, T. E. 
Carew, D. L. Fry, in Atheroscierosis and Coro- 
ttary Heart Disease, W. Likoff, B. L. Segal, W. 
Insull, Jr., J .  H. Moyer, Eds. (Grune & Stratton, 
New York, 19721, p. 40. 

3. C. K. Zarins, D. P. Giddens, B. K. Bharadvaj, 
V .  S. Sottiuari, R. F. Mabon, S .  Glagov, Circ. 
Res .  53, 502 (1983). 

4. D. N. Ku and D. P. Giddens. Arteriosclerosis 3, 
31 (1983). 

5. M. R. Montenegro and D. A. Eggen. Lab. 
Invest. 18, 586 (1968); A. Svindland, Atheroscle- 
rosis 48, 139 (1983). 

6. S. Glagov, D. A. Rowley, R. I .  Kohut, Arch. 
Pathol. 72, 558 (1961). 

7. L.  Granata. R. A. Olsson. A. Huvos. D. E. 
Gregg, C ~ r c  Res 16, 114 (1965) 

8 R F Rushmer, C a ~ d ~ o v o s t u l a r  D y n a m ~ t s  
(Saunders, Ph~ladelphia, 1961), p 217, L1 E 
Gregg, E M Khouri, C R Ralford, C ~ r c  Res 
16 I02 (1965) - - - -  - ~ ,  

9. W. B. Kannel and P. M. McNamara, Circula- 
tion Suppl. 35-36(II), 154 (1967). 

10. S. B. Manuck. J .  R. Kaolan. T. B. Clarkson. 
Psychosom. Med. 45, 95 i1983). 

11. D. Vesselinovitch and R. W. Wissler. in Lipo- 
proteins and Coroncrry Ati7erosc/erosis, G. No- 
seda, C. Fragiacomo, R. Fumagalli. R. Paoletti, 
Eds. (Elsevier, Amsterdam, 19821, pp. 401-416. 

12. S. Glagov and C. K. Zarlns. In Clinical Diagno- 

photochemical transduction in the retina 
by reducing the potency of photon-acti- 
vated rhodopsin to stimulate guanosine 
3,'5'-monophosphate (cyclic GMP) 
phosphodiesterase (4). Rhodopsin kinase 
is gewrally considered a retinal enzyme, 
not present in other tissues. We now 
report that the mammalian pineal gland 
has RK activity equivalent to that ob- 
served in the retina; its activity in other 
tissues is less than 7 percent of that in the 
retina. 

(ATP) and urea-treated rod outer seg- 
ments (U-ROS) from bovine retina (5); 
phosphorylated opsin was extracted 
from the U-ROS and isolated by poly- 
acrylamide gel electrophoresis in mono- 
meric and dimeric forms (6) (Fig. 1). For  
quantitation, the monomer and dimer 
bands of opsin were identified and re- 
moved from the dried gel; the amount of 
radioactive label was then measured by 
conventional methods, and RK activity 
was calculated from the sum of the 

Table 1. Rhodops~n k ~ n a s e  actlvlty In selected rat tlssues. Each assay was performed with about 
5 pg of supernatant proteln, [ 3 2 ~ ] A ~ ~  (200 wM), and U-ROS conta~nlng 0 5 nmol rhodopsln In 
50 ~1 (4, 5 ,  7) The lncubatlon p e r ~ o d  was 5 mlnutes 

Tissue Activity 
(pmobmg-'.mini) 

Relative activity 
(percent of 

retinal activity) 

Retina 
Pineal 
Cerebellum 
Cerebral cortex 
Hypothalmus 
Lung 
Olfactory lobe 
~ r a l n s t e m  
Anterior pituitary 
Posterior pituitary 
Spleen 
Ovary 
Adrenal 
Llver 
Testes 
Harder~an gland 
Kidney 
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