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The normal functioning of the body cells requires 
an appropriate supply of oxygen and substrates, and 
the continuous wash-out of metabolites (e,g. carbon 
dioxide and lactate). This is achieved in the intact 
organism by continuous matching of the amount of 
blood delivered to the tissues with their metabolic 
needs. Thus, when the demands are increased, the 
arterioles branching into the capilIaries subserving 
the active cells dilate, allowing for a greater blood 
flow. If this does not occur, tissue &hernia and 
dysfunction are unavoidable, and the symptoms of 
vascular insufficiency follow 1251. 

From Poiseuille’s work of rigid tubes we know 
that the flow (F) through such a tube is determined 
by the perfusion pressure (P) and the resistance to 
flow, according to equation (1) 

P=FxR. (11 

The resistance (I?) to flow is directly related to the 
length (L) of the tube and the viscosity (rr) of the 
fluid flowing through it, but is inversely related to 
the fourth power of the radius (r) of the tube, accord- 
ing to equation (2) 

If a tube is narrowed, its resistance increases and, 
for a given pressure along the tube, more energy will 
be required to overcome the increased resistance, 
and the pressure downstream of the constriction will 
be iower than if the tube was the same diameter over 
its total length. When extrapolated to the human 
cardiovascular system, Poiseuilfe’s work implies that, 
provided the pressure generated by the heart is main- 
tained at an appropriate level by the cardiovascular 
reflexes, the amount of blood detivered to each tissue 
will depend upon the resistance to flow it offers and 
thus mainly on the diameter of its blood vessels and 
the viscosity of the blood [25]. Both a decrease of 
diameter of the arteries and their branches and an 
increase in blood viscosity can result in insufficient 
perfusion of the tissues. 

In normal conditions, the major determinant of 
vascular resistance is the degree of opening of the 
arterioles (resistance vessels). When a tissue 
becomes metabolicafly active or ischemic, the accu- 
mulation of metabolites causes dilatation of the 

GteiIoles both by inhibition of the myogenic activity 
of the vascular smooth muscle cells in their wall 
[4, 10, 14, 19,241 and by prejunctional inhibition of 
the existing sympathetic tone [IS]. If the distending 
pressure in the arterioles decreases at the same time, 
the reduced wall stress will enhance the vasodila- 
tation (autoregulation~ e.g. [f&28]). There is no 
evidence that the potential of resistance vessels to 
dilate is curtailed in abnormal conditions. However, 
pathological decreases in diameter can occur in larger 
arteries. Such decreases can be due to mechanical 
obstruction, as is the case with thrombosis, embol- 
ization, occlusive disease (atherosclerosis) or exter- 
nal compression. They can also be provoked by 
spasms of the smooth muscle cells in the vessel wall, 
as evidenced best by the spastic episodes in patients 
with Raynaud’s disease [23], or by the coronary 
vasospasms in patients with variant angina [15]. In 
the latter case, it is likely that vasospasm occurs most 
frequently in partially occluded blood vessels and 
thus further impairs the limited blood supply [25]. 
Whether due to mechanical factors or to spasm, the 
decrease in arterial diameter results in an exagger- 
ated drop in pressure across the obstruction. Thus 
the perfusion pressure at the arteriolar level is tower 
than normal, and despite the normal response of 
their arterioles, the tissues past the obstruction can- 
not be provided with enough blood, particularly if 
their demands are augmented. This situation causes 
the typical symptoms of angina pectoris or inter- 
mittent claudication. 

Vasospasm is due to contraction of vascular 
smooth muscle cells. These are triggered either by 
the presence of higher than normaf levels of 
endogenous vasoconstrictor substances (e.g. nor- 
epinephrine, 5-hydroxytr~tamine~ certain prosta- 
glandins, thrombox~e A& by the augmented 
breakdown of endogenous vasodilator substances 
(e.g. adenosine, bradykinin, prostacycIin) or by an 
abnormally high sensitivity of the smooth muscle 
cells to normal levels of vasoactive agonists (e.g. 
Raynaud’s disease). Thus vasospasms can be pro- 
voked by the imbalance between endogenous vaso- 
dilator and vasacanstrictor substances or by the 
interaction between such substances [2,30]. Sus- 
tained contraction of vascular smooth muscle cells 
can aiso be evoked in the presence of low concen- 
trations of vasoconstrictor substances by decreases 
in temperature or by tissue anoxia 131-333. Ufti- 
mate&, all stimuli causing vascular smooth muscle 
to contrad, increase the cytoplasmic concentration 
of activator calcium ions (Ca2+). In most arteries, 

479 



480 J. M. VAN NUETEN and P. M. VANHOUT~E 

the influx of extracellular Ca’+ is also augmented 
since the cellular stores of this ion mediate only part 
of the contractile response [S, 6,26,27]. A number 
of substances, including cinnarizine, flunarizine, ver- 
apamil, lidoflazine, perhexiline and prenylamine, 
inhibit the influx of Ca’+into vascular smooth muscle 
cells [12, 13, 34-361. They also antagonize the con- 
tractions of vascular smooth muscle cells caused by 
anoxia ([31], Van Nueten, unpublished observa- 
tions). In pathological conditions where vasospastic 
episodes contribute to the tissue ischemia, inhibitors 
of Ca*+-influx must have a beneficial effect. Flunar- 
izine does not affect the myogenic activity of vascular 
smooth muscle but inhibits the stimulated Ca*+- 
influx in a variety of blood vessels at concentrations 
which h&e no negative inotropic effect on the myo- 
cardium [35, 361. Hence, it is to be expected that 
substances such as flunarizine will be particularly 
effective in preventing vascular spasms due to the 
presence of abnormally high levels of vasoconstrictor 
substances. 

Blood viscosity 

In normal conditions, the apparent viscosity of the 
blood is determined mainly by the concentration of 
plasma proteins, in particular fibrinogen, and by the 
number of the red blood cells and their deformability 
[25]. Hyperviscosity of the blood has been proposed 
to be one of the major factors resulting in peripheral 
circulatory disturbances [9, 11,291. The extreme 
example of increases in viscosity resulting in cessa- 
tion of capillary flow is provided by patients with 
high levels of cold agglutinins when they are exposed 
to low ambient temperatures [23]. The deformability 
of the red blood cell membrane is important in the 
larger arteries because it allows rotation of the red 
cells which changes the blood into an emulsion of 
low apparent viscosity, but is also of critical import- 
ance at the microcirculatory level where the red 
blood cells must travel through capillaries with a 
diameter smaller than their own [22,25]. Hence a 
decrease in red blood cell deformability not only 
increases the apparent viscosity of the blood in the 
larger blood vessels and, thus, augments the total 
resistance to flow, but also reduces the ability of 
those cells to ensure proper oxygenation of the tis- 
sues at the capillary level. Metabolic deprivation 
markedly reduces red blood cell deformability 
[38,39], and it is likely that this phenomenon is a 
major aggravating factor in the development of per- 
ipheral vascular insufficiency [20,40]. 

Achieving a normal deformability of the red blood 
cell membrane requires ATP and oxygen 
[3,17,38,39]. It is likely that part of the ATP pro- 
duced is used to pump Ca*+ out of the cell, and that 
an increased cellular content of the ion decreases the 
deformability [21,39]. In hypoxic conditions, the 
augmented lactate production inhibits the glycolytic 
production of ATP and thus depresses the Ca*+ 
removal process. The intracellular content of Ca*+ 
rises and the red blood cell deformability decreases 
because the influx of Ca2+ from the plasma is not 
balanced by the pumping action of the cell membrane 
in the outward direction. Calcium ion influx into 
erythrocytes is also enhanced by catecholamines and 
certain prostaglandins. Hence these vasoactive sub- 

stances tend to reduce red blood cell deformability 
even further [l]. As a consequence, the resistance 
to flow increases because of the augmented viscosity 
of the blood, and the microcirculatory supply of 
oxygen is reduced because of the lesser permeation 
of the smaller capillaries by the stiffer red blood 
cells. Inhibitors of Ca2+ influx such as cinnarizine 
[S] and flunarizine [7] counteract the hypoxia- 
induced decreases in red cell deformability. 

Conclusion 

When the large blood vessels supplying a part of 
the body are narrowed because of mechanical 
obstruction, vasospasm or a combination of both, 
despite adequate dilatation of the resistance vessels, 
the blood flow becomes insufficient to provide 
enough oxygen to the tissues when they increase 
their activity. As a consequence the blood becomes 
hypoxic, which in turn decreases the deformability 
of the red blood cells. This results in augmented 
viscosity of the blood, increased peripheral resistance 
and further impairment of the blood flow through 
the narrowed vessel. The decreased deformability, 
combined with the reduced blood flow favors the 
occurrence of ‘rouleaux’ formation, which also 
increases blood viscosity and peripheral resistance. 
At the microcirculatory level, the hypoxic erythro- 
cytes cannot pass through smaller capillaries. This 
endangers the oxygen supply of the tissues even 
further. We suggest that this vicious circle can be 
interrupted by inhibitors of Ca*+ influx at two levels: 
(1) by antagonizing the vasospastic components of 
the arterial occlusion, and (2) by decreasing the Ca*+ 
content of the red blood cells (Fig. 1). This combi- 
nation of effects decreases the resistance to flow 
through the larger vessels and allows an improved 
supply of blood to the tissues. The available red 
blood cells can fulfil their function at the microcir- 
culatory level because they regain their normal flex- 
ibility. This interpretation explains the apparent con- 
tradiction between the observations that the 
resistance vessels dilate normally in patients with 

Fig. 1. Proposed dual site of action to explain why inhibitors 
of Ca*’ influx such as flunarizine improve the blood supply 
in peripheral vascular disease associated with vasospasm 

and tissue hypoxia. 
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peripheral vascular disease, on the one hand, and 
that inhibitors of Ca*+ influx have beneficial effects 
in such patients, on the other hand. Of the available 
inhibitors of Ca2+ influx, it appears that drugs such 
as flunarizine, which is used for the treatment of 
peripheral vascular diseases 1371 are potentially the 
most interesting, since they interfere little with the 
normal myogenic vascular tone but inhibit spastic 
vasoconst~ctions, and improve red blood cell 
deformability in hypoxic blood. 

REFERENCES 23. 

1. J. E. Allen and H. Rasmussen, Science 174,512 (1971). 
2. B. M. Altura and B. T. Altura, in Mechanisms of 

Vasodilatation (Eds. P. M. Vanhoutte and I. Leusen), 
p. 98. Karger. Base1 (1978). 

3. D. R. Anderson, J. L. Davies and K. L. Carraway, J. 
Bioi. Ctzem. 252, 6617 (1977). 

4. R. M. Berne and R. Rubio, in mechanisms of Vaso- 

24. 

25. 

d~iatation (Eds. P. M. Vanhoutte and I. Leusen), p. 
214. Kareer, Base1 (19781. 

5. D. F. Bghr; Pharmac. Rev. 16, 85 (1964). 
6. D. F. Bohr, Circulation Res. 32, 665 (1973). 
7. J. De Cree, W. De Cock, H. Geukens, F. De Clerck, 

M. Beerens and H. Verhaegen, Angiology 30, 505 
(1979). 

8. T. Di Perri, S. Forconi, M. Guerrini, F. Laghi Pasini, 
R. De1 CipoIIa, C. Rossi and D. Agnusdei. Proc. R. 
Sot. Med.- 70, suppl. 8, 25 (1977),- 

9. J. A. Dormandy, E. Hoare, A. H. Khattab, D. E. 
Arrowsmith and T. L. Dormandv. Br. Med. J. 4. 581 
(1973). 

10. B. R. Duling, in Mechanisms of Vasodilatation (Eds. 
P. M. Vanhoutte and I. Leusen), p. 193. Karger, Base1 
(1978). 

Il. A. M. Ehrly, ~~g~o~ogy 27. 188 (1976). 
12. L.-G. Eketund. Acta oharmac. tox. 43. suoal. 1. 33 I‘ 

(1978). 
13. T. Godfraind and A. Kaba, Br. J. Pharmac. 36, 549 .._ __, 

(lY6Y). 35. J. M. Van Nueten, J. Van Beek and P. A. J. Janssen, 
14. F. J. Haddy, in Mechanisms of Vasodilatation (Eds. P. 

M. Vanhoutte and I. Leusen), p. 200. Karger, Base1 
Archs. int. Pharmacodyn. Thtr. 232, 42 (1978). 

(1978). 
36. J. M. Van Nueten and D. Wellens, Angiology 30, 440 

(1979). 
15. L. D. Hillis and E. Braunwald, New Engl. J. Med. 299, 

695 (1978). 
37. H. Verhaegen, V. Roels, H. Adriaensen, J. Brugmans, 

W. De Cock. J. Donv. A. Jaeeneau and V. Schuer- 
16. P. C. Johnson, in Mechanisms of Vasodilatation (Eds. 

P. M. Vanhoutte and I. Leusen), p. 73. Karger, Base1 
(1978). 

mans, Angiology 25, ‘261 (1914). 
38. R. I. Weed, P. L. Lacelle and E. W. Merrill. J. cl&. 

Invest. 48, 795 (1969). 
17. P. L. Lacelle, F. H. Kirkpatrick and M. Udkow, in 

Erythrocytes, Thrombucytes, Leukocytes (Eds. E. Ger- 
39. R. I. Weed and B. Chaiiley, in Red Cell Shape (Eds. 

lath, K. Moser, E. Deutsch and W. Wilmanns), p. 49. 
M. Bessis, R. I. Weed and P. F. Leblond), p. 5.5. 

Thieme, Stuttgart (1973). 
Springer, New York (1973). 

40. R. Wells, N. Engf. J. Med. 283. 183 (1970). 

18. 

19. 

20. 

21. 

22. 

26, 

27. 

28. 

29. 

30. 
31. 
32. 

33. 

34. 

M. A. McGrath and P. M. Vanhoutte, in Mechanisms 
of Vasodilatation (Eds. P. M. Vanhoutte and I. Leu- 
sen), p. 248. Karger, Base1 (1978). 
S. Mellander and J. Lundvall, in Mechanbms of Vaso- 
dilatation (Eds. P. M. Vanhoutte and I. Leusenj, p. 
206. Karger, Basei (1978). 
H. L. Reid. J. A. Dormandv. A. J. Barnes. P. J. Lock 
and T. L. Dormandy, Lancet 1, 666 (1976). 
H. Rogausch, cagers Arch. ges. Physio~. 373, 43 
(1978). 
H. Schmid-Schonbein, in International Reviews of 
Physiology. Cardiovascular Phvsiology II (Eds. A. C. 
Guyton and A. W. Cowley, Jr.) Vol. 9; p. 1. University 
Park Press. Baltimore (1976). 
J. T. Shepherd, in Physiology of the Circulation in 
Human Limbs in Health and Disease. W. B. Saunders, 
Philadelphia (1963). 
J. T. Shepherd, in Mechanisms of Vasodilatation (Eds. 
P. M. Vanhoutte and I. Leusen), p. 1. Karger. Base1 
(1978). 
J. T. Shepherd and P. M. Vanhoutte, The Human 
Cardiovascular System; Facts and Concepts. Raven 
Press, New York (1979). 
A. P. Somlyo and A. V. Somlyo. Pharmac. Rev. 20, 
197 (1968). 
A. P. SomIyo and A. V. Somlyo, Pharmac. Rev. 22, 
2.51 (1970). 
H. V. Sparks and R. D. Phair, in Mechanisms of 
Vasodilatation (Eds. P. M. Vanhoutte and I. Leusen), 
p. 187. Karger, Base1 (1978). 
B. Stormer, K. Kleinschmidt, D. Loose and K. Kremer, 
Current med. Res. Opinion 4, 588 (1977). 
C. Su and J. A. Bevan. Pharmac. Ther. B 2.275 11976). 
P. M. Vanhoutte, Am. J. Physiol. 230, 1261 (i976). 
P. M. Vanhoutte, in Microcirculation (Ed. G. Kaley 
and B. M. Altura), Vol. 2, p. 181. Academic Press, 
New York (1978). 
P. M. Vanhoutte, in Handbook of Physjology. Circu- 
lation: Vascular Smooth M~c~e (Eds. D. F. Bohr, H. 
V. Sparks and A. P. Somlyo). American Physiology 
Society, Washington, in press (1979). 
J. M. Van Nueten and P. A. J. Janssen, Archs int. 
Pharmacodyn. Ther. 204, 37 (1973). 


