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Epinephrine Augments von Willebrand
Factor-Dependent Shear-Induced

Platelet Aggregation

Shinya Goto, MD; Yasuo Ikeda, MD; Mitsuru Murata, MD; Makoto Handa, MD;
Eiichi Takahashi, MD; Akira Yoshioka, MD; Yoshihiro Fujimura, MD;

Mayumi Fukuyama, PhD; Shunnosuke Handa, MD; and Satoshi Ogawa, MD

Background. Shear-induced platelet aggregation (SIPA) is an important mechanism in thrombogenesis.
von Willebrand factor (vWF) binding to platelet glycoprotein lb (GP Ib) has been found to be crucial for
platelet aggregation under the high shear force probably generated in stenosed coronary artery. The
physiological significance of vWF-dependent SIPA has not been clarified.
Methods and Results. Blood samples were collected from 23 normal volunteers. SIPA was continuously

monitored using a modified cone-plate viscometer adapted for measuring the transmitted light intensity
of the material. The effects of low concentrations of epinephrine, ADP, and collagen on SIPA under both
low shear (12 dyne/cm2) and high shear (108 dyne/cm2) force were investigated. All agonists tested
enhanced SIPA under low shear force, whereas only epinephrine augmented SIPA under high shear force.
The maximum extents of SIPA under high shear force in the absence and presence of epinephrine (10
ng/ml) were 37.9±11.5% and 59.7+13.9%, respectively. The antagonist of the a2-adrenergic receptor
yohimbine (1 ,ug/ml) antagonized the effects of epinephrine. The monoclonal antibody NMC-4 against
vWF, which was shown to inhibit its binding to GP Ib, completely abolished SIPA under high shear force,
even in the presence of epinephrine. However, this antibody only partially inhibited SIPA under low shear
force.

Conclusions. Our findings suggest that epinephrine is the agonist that enhances SIPA mediated by
vWF through its specific receptor. This may be clinically important because occlusion of the coronary

artery often occurs in stenosed atherosclerotic vessels under sympathetic stimulation. (Circulation
1992;86:1859-1863)
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P latelet aggregation induced by shear forces has
been accepted as an important contributor to
thrombogenesis in certain pathological condi-

tions.' Currently, the mechanism of shear stress-in-
duced platelet aggregation (SIPA) has been studied by
several investigators, including ourselves.2-7 SIPA is
different than agonist-induced platelet aggregation in
certain aspects. Aspirin does not inhibit SIPA,8 indicat-
ing that the cyclooxygenase pathway does not play a
role. Distinct observations have been made that differ-
ent adhesive proteins and platelet membrane glycopro-
teins are involved in aggregation depending on the
shear stress conditions.2 Under low shear force (12
dyne/cm2), platelet aggregation can be induced by fi-
brinogen binding to the glycoprotein (GP) lIb/Illa
complex. In contrast, aggregation occurring under shear
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force >80 dyne/cm2 is mediated by von Willebrand
factor (vWF), even in the presence of a physiological
concentration of fibrinogen, by interacting with its plate-
let-binding sites, both GP Ib and GP lIb/IIIa. The latter
mechanism is particularly important because it may
occur in the stenosed coronary artery in the presence of
external ionized calcium within normal plasma levels.2
vWF is, therefore, considered to play a crucial role in
the formation of platelet aggregates in the rheological
condition of high shear stress, which may occur in
partially occluded arteries or arterioles.9"10
Some investigators have suggested a correlation be-

tween sympathetic activities and coronary occlusion."
Other reports have suggested that epinephrine aug-
mented ADP-induced platelet aggregation.'213 How-
ever, no study has investigated the effects of epineph-
rine on vWF-mediated platelet aggregations, which
could play an important role in thrombotic occlusion of
stenotic coronary artery. In the present study, we
investigated the effects of low concentrations of various
agonists on SIPA under both low and high shear forces.
We tried to characterize the effects of a low concentra-
tion of epinephrine on vWF-mediated SIPA compared
with the effects of other agonists. The results may be
clinically relevant because epinephrine has been shown
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to play a role in the pathogenesis of coronary occlusive
disease.'4-16

Methods
Sample Collection

Blood was drawn from 23 healthy male volunteers
(age range, 26-31 years) who abstained from drugs
known to interfere with platelet functions for the week
preceding the studies. Blood was mixed with 1:10 vol of
3.8% sodium citrate solution. Platelet-rich plasma
(PRP) was prepared by centrifugation at 100g for 15
minutes at 22-25°C; the platelet count was adjusted to
3 x 105 ,dl-l using homologous platelet-poor plasma
(PPP) obtained by centrifugation of blood at 3,000g for
20 minutes.

Measurement of Shear Stress-Induced
Platelet Aggregation
The method used to measure SIPA with a cone-plate

viscometer has been described.217 Although whole blood
viscosity varies with shear condition, especially at shear
rates < 10 sec-', plasma and PRP containing 3 x 10' l1-1 of
platelets are known to act as a Newtonian fluid.'8 The
cone is rotated with a rotor motor regulated by a com-
puter. With this instrument, the cone could be rotated at
a maximum rotation speed of 2,000 rpm to generate a
constant shear stress without turbulent flow. Helium-neon
laser light at 633 nm was passed through the streaming
samples, and the transmitted light intensity was continu-
ously recorded. The percent platelet aggregation was
calculated according to Lambert-Beer's equation.2
To measure SIPA, 400 gl of PRP was applied to the

surface of a polymethylmethacrylate plate and exposed
to shear stress at 24°C for 6 minutes. The rotation rate
of the cone was 10 rpm for the first 50 seconds; then it
was increased to 200 rpm (the corresponding shear
stress was 12 dyne/cm2) or 1,800 rpm (the corresponding
shear stress was 108 dyne/cm2) within 45 seconds. The
concentrations of intrinsic epinephrine in autologous
PPP were measured by high-performance liquid chro-
matography using electrochemical detection as previ-
ously described.19

Study Protocol
In eight subjects, the effects of various concentrations

of epinephrine (1, 5, 10, and 20 ng/ml) and ADP (1, 5,
and 10 nM) on low and high SIPA were tested. In the
remaining 15 subjects, the effects of low concentrations
of various agonists (epinephrine, ADP, and collagen) on
SIPA were measured with or without preincubation
with the a2-receptor blocker yohimbine. The effects of
monoclonal antibody NMC-4, which reacts with the
amino terminal 97-kd fragment of vWF, were also
tested. NMC-4 was proved to completely inhibit vWF
binding to platelets in the presence of both ristocetin
and botorcetin at an immunoglobulin G concentration
of approximately 10 gug/ml.20 Epinephrine, ADP, and
yohimbine were obtained from Daiichi Seiyaku, Sigma,
and Tokyo Kasei Kougyou Co., Ltd., respectively.

Data Analysis
All data are expressed as mean±SD. Differences

between the concentrations of epinephrine were ana-
lyzed using one-way ANOVA for the effects of epineph-

time (min.)
FIGURE 1. Tracings of change in transmitted light intensity
of platelet-rich plasma under low (upper panel) and high
(lower panel) shear stress with or without exogeneously added
epinephrine. Shear force applied to platelet-rich plasma is
shown by the dotted line. A, no addition; B, epinephrine 1
ng/ml; C, epinephrine 5 ng/ml; D, epinephrine 10 ng/ml; E,
epinephrine 20 ng/ml.

rine on SIPA. Student's paired t test was used to
compare the two groups of data. A value ofp<0.05 was
considered statistically significant.

Results
Dose-Dependent Augmentation of SIPA
by Exogenous Epinephrine

Figure 1 shows the representative tracings of trans-
mitted light intensity of PRP under both low and high
shear stress. The transmitted light intensity of PRP
increased with shearing time. The extent of platelet
aggregation induced by both low and high shear stress
was augmented by exogenously adding epinephrine in a
dose-dependent fashion. Figure 2 shows the effects of
exogeneously added epinephrine on the maximum ex-
tent of platelet aggregation induced by low and high
shear stress in eight subjects. The maximum extent of
platelet aggregation induced by low shear stress was
22.8+10.1% without epinephrine. It increased to 34.1 +
10.1%, 45.3+13.1%, 55.9±13.5%, and 68.3+11.9% in
the presence of epinephrine added at concentrations of
1, 5, 10, and 20 ng/ml, respectively (p<0.05 between all
groups of data). Under high shear stress, the extent was
37.6+±5.7% without epinephrine, which was greater
than that induced by low shear stress (p<0.05). Exoge-
neously added epinephrine at concentrations of 1, 5, 10,
and 20 ng/ml augmented platelet aggregation to
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FIGURE 2. Tracings of the maximum extent of platelet
aggregation induced by low (upper panel) and high (lower
panel) shear stress. Exogeneous epinephrine added at various
concentrations augmented platelet aggregation induced by
both low and high shear stress in a dose-dependent manner.
Results of experiments on eight samples are shown.

46.0+2.8%, 54.2+±6.2%, 60.1+8.9%, and 71.9+6.6%,
respectively (p<0.05 between all groups of data except
between 5 and 10 ng/ml). Adding 1, 5, or 10 nM ADP
also enhanced SIPA under low shear stress to
32.5 ±8.5%, 38.0+10.6%, and 50.2+14.2% (p<0.05 be-
tween all groups of data). However, these concentra-
tions of ADP had no effect on SIPA induced by high
shear stress.

Effects of a2-Receptor Blockade and
Anti-vWF Antibody

Table 1 shows the effects of various agonists on the
maximum extent of platelet aggregation induced by low
and high shear stress in the remaining 15 cases. The
concentration of epinephrine in plasma obtained from
each individual at rest was 0.04±0.01 ng/ml. At a low
shear force corresponding to 12 dyne/cm2, ADP (10
nM), collagen (200 ng/ml), and epinephrine (10 ng/ml)
all enhanced SIPA (p<0.05). In contrast, SIPA under a
high shear force corresponding to 108 dyne/cm2 was

TABLE 1. Effects of Low Concentration of Agonists
on Shear-Induced Platelet Aggregation

Percent of aggregation
Low shear High shear

Agonist (12 dyne/cm2) (108 dyne/cm2)
No addition 32.5 ±7.2 37.9±11.5
Epinephrine (10 ng/ml) 75.2±6.1* 59.7±13.9*
ADP (10 nM) 51.8±7.8* 34.8±11.5
Collagen (200 ng/ml) 51.5±8.5* 38.5±10.5
Epinephrine (10 ng/ml)
+yohimbine (1 ,g/ml) 31.4±4.6 35.2±15.5

*p<0.05 vs. no addition.

time (min.)
FIGURE 3. Tracings ofeffects ofyohimbine and monoclonal
antibody NMC-4 on relatively high shear-induced platelet
aggregation. Yohimbine (1 gg/ml) or NMC-4 (123 pg/ml)
was preincubated with platelet-rich plasma containing exoge-
neously added epinephrine (10 ng/ml). Shear-inducedplatelet
aggregation then was continuously recorded. The dotted line
indicates the level of shear stress applied during 6-minute
periods. A, exogeneously added epinephrine (10 ng/ml) only;
B, A plus NMC-4 (12.3 gg/ml); C, A plus yohimbine (1
pg/ml); D, NMC-4 only; E, no addition.

potentiated only by epinephrine (pcO.05). Neither
ADP nor collagen had an effect on SIPA under high
shear force. This augmentation of SIPA by epinephrine
under low or high shear stress was blocked by preincu-
bation of PRP with the a2-adrenergic antagonist yohim-
bine at a concentration of 1 gg/ml (p<0.05). The
enhancing effects of ADP and collagen on SIPA in-
duced by low shear stress were not affected by preincu-
bation at this dose of yohimbine. Figure 3 shows the
effects of the anti-vWF monoclonal antibody NMC-4,
which inhibited vWF binding to platelet GP lb on SIPA,
in comparison with the effects of yohimbine. NMC-4
totally abolished high SIPA in both the presence and
absence of exogeneously added epinephrine, showing
that epinephrine caused potentiation of vWF-mediated
SIPA. In the case of low shear stress, NMC-4 only
partially inhibited SIPA, with or without epinephrine.

Discussion
Two distinct mechanisms of platelet aggregation have

been recognized - agonist-induced platelet aggregation
and SIPA. In the former, the cyclooxygenase pathway
plays a central role, and aspirin is able to block this
process.21 After binding of the agonists to the respective
platelet receptors, GP JIb/lIla becomes activated to
allow fibrinogen to bind. In contrast, SIPA is insensitive
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to aspirin.8 Different adhesive proteins and platelet
membrane glycoproteins are involved in aggregation
depending on the shear stress conditions and the con-

centration of divalent cations.2 When blood is collected
with trisodium citrates as the anticoagulant, platelet
aggregation can be induced under low shear stress (12
dyne/cm2). This was mediated by fibrinogen binding to
the GP lIb/IIIa complex. However, this aggregation was

absent in plasma containing hirudin as the anticoagu-
lant and having a normal divalent cation concentration.2
On the other hand, platelet aggregation was prominent
under high shear stress (108 dyne/cm2), even under the
condition in which external ionized calcium was within
normal plasma levels. Aggregation apparently is medi-
ated by binding ofvWF to both GP lb and GP IJb/IIIa.2
This aggregation is unique because fibrinogen essen-

tially plays no role. This pathway of aggregation may be
considered to play a role in coronary thrombogenesis
because animal studies demonstrated that vWF binding
to GP lb played an important role in thrombogenesis in
stenosed coronary artery where estimated shear stress
(200-400 dyne/cm2) was greater than that used in our

study.9,10,22
Enhancement of high SIPA by epinephrine was also

demonstrated in PRP containing hirudin as the antico-
agulant (data not shown). Therefore, the potentiation of
vWF-mediated SIPA by epinephrine may be important.
The fact that NMC-4 partially inhibited low SIPA in the
presence of exogenous epinephrine indicated that epi-
nephrine made low-sheared platelets reactive to vWF
(data not shown). Ardlie et al'2 first reported that
epinephrine not only caused platelet aggregation but
also enhanced the aggregation induced by other ago-
nists such as ADP. Since these observations, many
studies have suggested the role of a2-adrenergic stimu-
lation, although the mechanism and the clinical impli-
cations have yet to be clarified.23-27 We speculated that
increased calcium influx through a2-receptor stimula-
tion may play a role because calcium influx was essential
for SIPA mediated by vWF.28
Sudden occlusion of the coronary artery usually

occurs at sites of stenosed arterial lesions and may be
triggered by sympathetic stimulation. Epinephrine is
usually present in the circulation at a concentration of
0.03±0.09 ng/ml and may increase to 0.5-1 ng/ml with
sympathetic stimulation.29 The increase in epinephrine
concentration has been suggested to play a role in
arterial thrombosis. Folts et a130 reported that an in-
crease in the plasma concentration of epinephrine to
1-10 ng/ml triggered the formation of thrombus mainly
composed of platelets in constricted canine coronary

artery. Our present results may provide an explanation
for these experimental observations.

It is concluded that epinephrine potentiated vWF-
mediated SIPA through a2-adrenergic stimulation. This
may play an important role in the pathogenesis of
arterial thrombosis of stenosed coronary artery.

References
1. O'Brien JR: Shear-induced platelet aggregation. Lancet 1990;335:

711-713
2. Ikeda Y, Handa M, Kawano K, Kamata T, Murata M, Araki Y,

Anbo H, Kawai Y, Watanabe K, Itagaki I, Sakai K, Ruggeri ZM:
The role of von Willebrand factor and fibrinogen in platelet aggre-

gation under varying shear stress. J Clin Invest 1991;87:1234-1240

3. Moake JL, Turner NA, Stethopoulos NA, Nolasco LH, Hellums
JD: Involvement of large plasma von Willebrand factor (vWF)
multimers and unusually large vWF forms derived from endothe-
lial cells in shear stress-induced platelet aggregation. J Clin Invest
1986;78:1456-1461

4. O'Brien JR, Salmon GP: Shear stress activation of platelet glyco-
protein lIb/IIIa plus von Willebrand factor causes aggregation:
Filter blockage and the long bleeding time in von Willebrand
disease. Blood 1987;70:1354-1361

5. Peterson DM, Stathopoulos NA, Giorgio TD, Hellums JD, Moake
JL: Shear-induced platelet aggregation requires von Willebrand
factor and platelet membrane glycoproteins Ib and Ilb/II1a. Blood
1987;69:625-628

6. Moake JL, Turner NA, Stathopulos NA, Nolasco L, Hellumus JD:
Shear-induced platelet aggregation can be mediated by vWF
released from platelets, as well as by exogenous large or unusually
large vWF multimers, requires adenosine diphosphate, and is
resistant to aspirin. Blood 1988;71:1366-1374

7. Weiss HJ, Hawiger J, Ruggeri ZM, Turitto VT, Thiagarajan P,
Hoffman T: Fibrinogen-independent platelet adhesion and throm-
bus formation on subendothelium mediated by glycoprotein Ilb/
Illa complex at high shear rate. J Clin Invest 1989;83:288-297

8. Hardwick RA, Hellums JD, Peterson DM, Morke JL: The effects
of SIPA, PGEL, PGI2, and theophylline on the response of plate-
lets subjected to shear stress. Blood 1981;58:678-682

9. Stony J, Phillips M, Brands D, Moake J, Adlman B: Aurintricar-
boxylic acid in a canine model of coronary artery thrombosis.
Circulation 1990;81:1106-1114

10. Bellinger DA, Nichols TC, Read MS, Reddick RL, Lamb MA,
Brinkhous KM, Evatt BL, Griggs TR: Prevention of occlusive
coronary artery thrombosis by a murine monoclonal antibody to
porcine von Willebrand factor. Proc Natl Acad Sci USA 1987;84:
8100-8104

11. Willich SN, Linderer T, Wegscheider K, Leizorovicz A, Alamer-
cery I, Schroder R, and the ISAM Study Group: Increased morn-
ing incidence of myocardial infarction in the ISAM study: Absence
with prior ,B-adrenergic blockade. Circulation 1989;80:853-858

12. Ardlie NG, Glew G, Schwartz CJ: Influence of catecholamine on
nucleotide-induced platelet aggregation. Nature 1966;5060:
415-417

13. Tofler GH, Brezinski D, Schafer AI, Czeisler CA, Rutherford JD,
Willich SN, Gleason RE, Williams GH, Muller JE: Concurrent
morning increase in platelet aggregability and the risk of myocar-
dial infarction and sudden cardiac death. N Engl J Med 1987;316:
1514-1518

14. Roux SP, Sakarisassen KS, Turitto VT, Baumgartner HR: Effect of
aspirin and epinephrine on experimentally induced thrombogene-
sis in dogs. Arterioscler Thromb 1991; 1 1:1182-1191

15. Yao SK, Rosolowsky M, Anderson HV, Golino P, NcNatt JM,
Clerck FD, Buja LM, Willerson JT: Combined thromboxane
a2-synthetase inhibition and receptor blockade are effective in
preventing spontaneous and epinephrine induced canine coronary
cyclic flow variation. JAm Coll Cardiol 1990;16:705-713

16. Ashton JH, Golino P, McNatt JM, Buja LM, Willerson JT: Sero-
tonin S2 and thromboxane A2 prostaglandin H2 receptor blockade
provide protection against epinephrine-induced cyclic flow varia-
tions in severely narrowed canine coronary arteries. J Am Coll
Cardiol 1989;13:755-763

17. Fukuyama M, Sakai K, Itagaki I, Kawano K, Murata M, Kawai Y,
Watanabe K, Handa M, Ikeda Y: Continuous measurement of
shear-induced platelet aggregation. Thromb Res 1989;54:253-260

18. Lowe GDO: Nature and clinical importance of blood rheology, in
Lowe GDC (ed): Clinical Blood Rheology. Boca Raton, Fla, CRC
Press, 1988, pp 1-44

19. Taylor RB, Reid R, Kendle KE, et al: Assay procedures for the
determination of biogenic amines and their metabolites in rat
hypothalamus using ion-pairing reversed-phase high-performance
liquid chromatography. J Chromatogr 1983;277:101-104

20. Fujimura Y, Usami Y, Titani K, Niinomi K, Nishio K, Takase T,
Yoshioka A, Fukui H: Studies on anti-von Willebrand factor
(vWF) monoclonal antibody NMC-4, which inhibits both ristoce-
tin- and botorcetin-induced vWF binding to platelet glycoprotein
lb. Blood 1991;77:113-120

21. Stein B, Fuster V: Clinical pharmacology of platelet inhibitors, in
Fuster V (ed): Thrombosis in Cardiovascular Disorders. Philadel-
phia, WB Saunders, 1991

22. Back LD, Radbill JR, Crawford DW: Analysis of pulsatile, viscous
blood flow through diseased coronary arteries of man. I Biomech
1977;10:339-353

D
ow

nloaded from
 http://ahajournals.org by on M

arch 14, 2022



Goto et al Enhancement of vWF-Dependent Platelet Aggregation by Epinephrine 1863

23. Hsu CY, Knapp DR, Halushka PV: The effects of alpha adrenergic
agents on human platelet aggregation. J Pharmacol Exp Ther 1979;
208:366-375

24. Ardlie NG, Cameron HA, Garret J: Platelet activation by circu-
lating level of hormones: A possible link with coronary heart
disease. Thromb Res 1984;36:315-322

25. Beaty CH, Howard CF, Caruso V: Potentiation with epinephrine
of macaque platelet aggregation by other agonists: Implication for
studies on human atherosclerosis. Thromb Res 1986;41:447-458

26. Cameron HA, Ardlie NG: The facilitating effects of adrenaline on
platelet aggregation. Prostaglandins Leukot Med 1982;9:117-128

27. Mills CDB, Roberts GCK: Effects of adrenaline on human blood
platelets. J Physiol 1967;193:443-453

28. Ikeda Y, Handa M, Kamata T, Kawano K, Kawai Y, Watanabe K,
Kawakami K, Sakai K, Fukuyama M, Itagaki I, Yoshioka A, Rug-
geri ZM: Transmembrane calcium influx associated with von Wille-
brand factor binding to GP lb in the initiation of shear-induced
platelet aggregation. J Biol Chem

29. Lubbecke F, Zschatzsch S, Mitrovic V, Husseini H, Schlepper M,
Lasch HG, Schutterle G, Wizemann V: Catecholamines and
thrombocyte a2-adrenoceptors in patients with acute myocardial
infarction. Eur Heart J 1991;12:88-91

30. Folts JD, Gallagher K, Rowe GG: Blood flow reductions in
stenosed canine coronary arteries: Vasospasm or platelet aggrega-
tion? Circulation 1982;65:248-255

D
ow

nloaded from
 http://ahajournals.org by on M

arch 14, 2022




