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INTRODUCTION

The simplest model of the circulation consists of a pump—the heart—and
branching arterial and venous systems that connect with each other through
the microcirculation. These branching systems constrict and dilate in re-
sponse to a variety of stimuli. The patterns and mechanisms of these changes
are quite variable and at least some of them differ between vascular beds.
Drugs can influence all components of the model, often in a complex way.
This model is commonly used in pharmacological conceptualization; how-
ever, it does not include several regulating mechanisms inherent to the
circulation that influence or modify its primary constrictor and dilator
responses, including (a) the baroreceptor buffer mechanism, (b) myogenic
(stretch) dependent changes in vascular tone, and (c) flow-initiated vaso-
constriction and dilation.

The Baroreceptor Buffer Mechanism
This system senses changes in arterial pressure (and other vascular param-
eters) occurring in response to alterations in the external and internal
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environment and it coordinates through neural reflexes an overall, integrated,
cardiovascular response (1).

Myogenic (Stretch) Dependent Vascular Tone Changes

This occurs predominantly in the medium and small arteries and arterioles—
vessels that provide most of the active vascular resistance (2). An increase
in intravascular pressure stretches the vascular smooth muscle cells and in
response they contract; a decrease in pressure has an opposite effect. The
efficiency of restoration of the vascular diameter is variable, depending on
vessel size, location, and other considerations. This mechanism is also found
in some veins. The responses to changes in intramural pressure occur
irrespective of their cause and include those arising from drug administration.
They can be viewed as a local vascular mechanism that protects the
microvasculature from excessive increases or decreases in blood pressure.

Flow-initiated Vasoconstriction and Dilation

This mechanism is quite distinct from the myogenic stretch-initiated response
(3). In vivo and in vitro studies of arteries of all sizes, and also of some
veins, demonstrate that changes in intraluminal flow can alter vascular
smooth muscle tone through a local mechanism (4). The most commonly
observed response is dilation and both endothelial-dependent and -indepen-
dent components have been recognized. Flow-related constriction has only
been seen in vitro and can be elicited in both intact and endothelium-denuded
arteries and veins. The flow response can be interpreted as an intrinsic local
mechanism that allows intraluminal blood flow to modify and integrate the
vascular tone of an entire branching system, in relation to the flow demand
of the supplied tissue.

Although flow, presumably through shear stress, exerts a variety of effects
on cells (5, 6), particularly those of the endothelium, this review deals
exclusively with the short-term regulation of vascular tone, i.e. the influence
of flow on the level of contraction of the vascular smooth muscle cell. A
variety of long term effects of flow on the vascular wall have been proposed,
including growth regulation and remodeling (7). Many of the current ideas
on this topic and the changes that occur in disease have been summarized
recently (8).

The short term consequences of the flow-sensitive vascular wall mecha-
nisms on the overall cardiovascular responses to drugs are considered under
two broad headings. The first deals with the modification of the primary
pharmacological effect of a drug by the intrinsic flow-sensitive mechanisms
in the blood vessel wall (Figure 1). Any drug that changes cardiac output
or blood pressure is liable to cause changes in blood flow. This change in
flow will itself alter vascular tone and as a result modify the primary direct
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Figure I Two mechanisms of drug influence on flow-sensitive tone regulation: (@) modulation
of the primary drug effect through a flow-sensitive mechanism and (b) site of pharmacological
modification of the flow mechanism.

action of the drug. The second is the pharmacology of the flow mechanism
itself. Flow involves many cellular processes that can be manipulated
pharmacologically.

HISTORY OF THE FLOW-SENSITIVE EFFECT

Schretzenmayer (9) observed in 1933 that hyperemia of the dog hind limb
dilates the femoral artery. This phenomenon has been repeatedly demon-
strated in vivo in both large (10) and small arteries (11). Following the
demonstration of the role of the endothelium in dilation to acetylcholine
through the production of EDRF (12), flow-dilation in vivo has been shown
to depend (at least in part) on the same mechanism (13). The endothelium
component of flow-dilation depends on EDRF (14) and prostanoid (15) and
is in part controlled by a sodium-sensitive flow sensor (4, 16-18). Both
isometric (16~23) and isotonic (14, 24) experimental approaches have been
adopted.

TECHNIQUES USED TO STUDY FLOW-DEPENDENT
CHANGES IN VASCULAR TONE

Large artery flow diameter and intravascular pressure may be measured
simultaneously in vivo in a vascular bed of an animal under anesthesia.
Using an electromagnetic flow probe to measure blood flow in anesthetized
dogs, Pohl et al (13) concluded that endothelial integrity was essential for
the flow-dilation of the proximal femoral artery that developed after periph-
eral dilation or arteriovenous shunt. A Doppler flowmeter was used to
demonstrate flow-dilation of the basilar artery in rats (25). Using a Doppler
flowmeter catheter, researchers observed that, in humans, flow-induced
dilation of coronary arteries was lost in atherosclerotic vessels (26). Using
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the same technique, Levenson et al (27) observed that platelet intracellular
calcium content was positively related to shear stress. Utilizing X-ray
microangiography of rabbit ear arteries it was demonstrated that EDRF is
essential for the development of collateral flow following arterial occlusion
(28, 29). To assess the regulation of skeletal muscle vascular tone by flow,
a dual slit video microscope was adopted to measure red blood cell velocity
in exteriorized cat sartorius muscle (30). A similar technique has been used
extensively to show the participation of prostanoids in the dilation-induced
flow in the rat cremaster muscle (15).

The effect of flow on vascular tone has been assessed in vitro in several
ways. In situ perfusion of mesenteric arteries has shown that flow-dilation
opposes myogenic contraction in rabbit mesenteric circulation (31). Flow
through a pipette onto the surface of human vascular endothelial cells
increased intracellular Ca2* measured with FURA 2 (32). Using a chamber
designed to study only laminar flow (which was probably not the case in
the above example), researchers found that flow increased intracellular Ca2*
in bovine cultured aortic endothelial cells (33). Although both laminar and
turbulent flow raised intracellular Ca2t, Nat uptake was increased only by
turbulent flow over isolated smooth muscle cells (34). Laminar flow over
isolated single endothelial cells attached to the lip of a pipette increased
K* current measured by whole cell patch clamp (35).

Infusion of physiological saline solution into the lumen of small arteries
(16-19, 21-23) and veins (19, 20) mounted under isometric conditions has
been used extensively to study the cellular and subcellular mechanisms of
flow. This system has revealed that the endothelium is not the only
determinant of the dilator response to flow (22, 23) and has led to the
discovery of flow-contraction (21). In perfused large vessels, increases in
flow rate also induced constriction (36). Flow through a micropipette located
inside one of the perfusion cannulae demonstrated the importance of the
endothelium in flow-dilation under these experimental circumstances (14).

MECHANISM AND NATURE OF FLOW-RESPONSES

The flow of blood through a vessel induces shear stress related to the drag
between the thin stationary layer of fluid associated with the vessel wall
and the outer layers of the moving fluid. Shear stress (t) is a function of
the fluid viscosity (), flow rate (Q), radius (r), and wall shear rate (j):

T=pj= 4uQ/1'rr3.

Shear stress occurs in the longitudinal axis of the vessel and can be
contrasted with the tangential strain exerted by pressure at right angles to
the long axis of the vessel. In vitro experiments can readily dissociate the
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two effects. Shear stress may cause a conformational change in a sur-
face macromolecule, resulting in alterations in transsarcolemmal ion flux.
Changes associated with or resulting from these effects are responsible for
the cellular response (19).

Alternatively, flow might modulate the level of intracellular calcium in
vascular endothelial cells resulting from purinoreceptor activation. ATP at
the surface of the endothelial cells is catabolized rapidly by nucleotidases
and its local concentration may be flow-sensitive (37). This mechanism,
however, depends on the continuous presence of ATP at the cell surface,
which is unlikely to occur in vitro study.

Endothelium-Dependent Response to Flow

Flow-induced dilation in vessels of all sizes depends, at least in part, on
the integrity of the vascular endothclium. Flow causes endothelial cells to
elongate along the line of flow (38) and induces the release of EDRF from
cultured cells (39), as well as from intact vessels in vivo (15, 40, 41) and
in vitro vessel segments (14, 23, 24, 31). Flow induces an increase in
intracellular free calcium (42), which is greater in the presence of ATP (43,
44) and it activates a K* current (35). It is presumably the increase in
Ca?*; that activates the NO-synthase and leads to EDRF release (45). In
human endothelial cells, flow induces the production of diacylglycerol (46)
and inositol-1,4,5-triphosphate (IP3) (47), supporting the hypothesis that the
sarcoplasmic reticulum takes part in the response to flow by releasing Ca2*
(42). In the rat cremaster muscle, flow induces the production of prostanoid
(15).

Endothelium-independent Response to Flow

Removal of the endothelium or treatment with the NO-synthase inhibitors
L-NNA or L-NAME decreases median levels of flow-induced dilation by
about 30% in rabbit cerebral resistance (23, 48) and small ear arteries (22).
In vivo, basilar artery blood flow was not influenced by topically applied
L-NNA (25). In all the above experiments, indomethacin did not change
flow-induced dilation. These results indicate that a significant component
of this flow effect depends on mechanisms located in the subendothelium.
Flow-induced contraction is completely independent of the endothelium in
isometrically mounted resistance arteries (17, 21) and veins (20), as well
as in perfused resistance (48, 49) and conduit arteries (36). Both responses
to flow-constriction and dilation may be observed in the same isolated blood
vessel. Under isometric conditions, in an artery with a high level of tone,
flow induces dilation, whereas in one with a low level of tone, constriction
is seen. An intermediate tone level can be found when no mean change in
tone occurs with flow. This level is considered the null- or set-point when
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Figure 2 Response to intraluminal flow (hatched bars) of rabbit ear artery ring segments (outer
diameter 150 uM) mounted isometrically in a myograph. Concentration of norepinephrine (NE)
is shown below arrows. A: Flow into an artery with a low level of NE-induced tone. B: Flow
into an artery with a high level of NE-induced tone. C: Flow into an artery with an intermediate
level of NE-induced tone (from reference 50).

the opposing flow-responses are in balance (50) (Figure 2). Electrophysio-
logical studies havc confirmed this balance effect (S1). In the rabbit pial
artery, the null-point, corresponding to an absence of flow response, occurs
with a membrane potential of around —58 mV. Cells with a lower (i.c. less
negative) membrane potential show hyperpolarization and those with higher
(i.e. more negative) values exhibit depolarization with flow (51).
Flow-induced dilation and constriction are similarly attenuated by small
decreases in extracellular Na* (16, 17, 52). Small decreases and increases
in Na* decrease and increase, respectively, flow-contraction in the rabbit
facial vein (D Henrion & JA Bevan, unpublished data). Such changes in
[Na*] have no effect on agonist-induced constrictor tone nor on acetylcho-
line- or papaverine-induced dilation (16, 17). Flow-induced contraction is
associated with an increased 22Na* uptake (D Henrion et al, unpublished
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data). Both flow-responses (16; D Henrion et al, unpublished data) share a
similar sensitivity to the Na*-H* exchange blocker amiloride. Interestingly,
reducing C2* up to 60% of its control value reduced the size of flow-dilation
by the same amount as a similar percentage decrease in extracellular Na*.
When both Na* and Ca2* were decreased together by the same percentage,
flow-dilation remained unchanged, indicating that the Nat/Ca2* ratio is
important in the flow mechanism (17). The parallel and equivalent effects
of these experimental conditions on the two flow responses indicates that
they reflect change at a common site, possibly the flow sensor (17).

The Physiological Advantage of Separate and Independent
Vascular Responses to Changes in Intravascular Pressure
and Flow

The tunica media of the entire arterial and venous systems contain sufficient
muscle to influence local diameter at pressures considerably in excess of
those considered physiological. This implies that vascular adjustments can
potentially include changes in the diameter of blood vessels of all sizes.
Vascular diameter is considered to reflect a compromise between the
frictional resistance to flow—the smaller the diameter, the greater the
resistance to flow—and the energy demands of a vascular system with a
greater diameter that would be associated with a greater blood volume and
a greater mass of vascular tissue (53). It has been hypothesized that when
changes in blood flow to a vascular bed take place, to maximize efficiency,
changes in diameter should take place in all the components of the branching
system (54). Arteries of all sizes are able to alter their diameter in response
to changes in flow (39, 40, 55). Responses to flow have also been reported
in several veins (19, 20).

Although blood flow occurs only as a result of a pressure gradient, a
vascular system that monitors and regulates itself only in response to changes
in pressure cannot efficiently match cardiac output and blood pressure to
varying tissue needs. The following example illustrates the physiological
necessity of independent regulation of vascular pressure and flow. Peripheral
flow can change as a result of an elevation of central arterial pressure (i.e.
the perfusion pressure to a vascular bed) following increased cardiac output,
or from peripheral resistance decrease caused, for exampie, by increased
perivascular dilator nerve activity or increased tissue demand. In the first
instance, there is a rise in central arterial pressure and in the pressure
gradient between the central arteries and the smaller resistance arteries,
potentially resulting in increased flow. In the second instance, although
central pressure remains unchanged, resistance artery dilation leads to
increased flow. In the first case, the flow increase would tend to occur in
all vascular beds, it would be associated with an increase in pressure, and
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it would be modified by local mechanisms. In the latter case, the increased
demand could be met without an increase in central blood pressure and
might be limited to one bed.

MODULATION OF THE PRIMARY VASCULAR
RESPONSE BY LOCAL FLOW MECHANISM

There are currently no experimental studies of the extent to which local
flow-sensitive vascular wall mechanisms modify the primary vascular change
caused by physiological and pharmacological perturbations. However, we
have included in this review two sets of data that support the existence of
such mechanisms. The first set of data (see Table 1) provides a spectrum
of some of the blood flow changes observed in animals and man under
various experimental conditions. These are end-flow changes and presumably
represent the primary effects of the initial maneuver, modified by vascular
wall flow and stretch-sensitive mechanisms. Figure 2 summarizes quantita-
tive data on blood vessel wall response to flow change. It seems clear from
a comparison of Table 1 and Figure 2 that the flow-sensitive mechanism
in the artery wall is sufficiently sensitive to respond significantly to changes
in flow that occur with the administration of drugs and a variety of
physiological circumstances.

The Dimension of Blood Flow-induced Changes with Some
Physiological Stresses and Pharmacological Agents

Table 1 gives examples of changes in flow that have been recorded
experimentally under various conditions in animals and humans (56-66).
These measurements were made when presumably homeostatic mechanisms
were operative. The primary changes are probably smaller than they would
be in the absence of such regulatory mechanisms (see above). The greatest
reported change is in the tongue of the dog, which showed a 1500% flow
increase during heat stress (67). Skin flow showed an almost 600% increase
due to calcitonin gene-related peptide (CGRP) (57) and an 80% decrease
due to endothelin-1 (66). Because the cutaneous bed does not autoregulate
effectively, these latter values may represent responses that are relatively
unmodified by these buffering mechanisms. Other interesting examples
include a 400% increase in hind limb flow due to exercise (64), a 300%
increase in cerebral blood flow with hypercapnia (68), and in the human,
an almost 500% increase in forearm blood flow with emotional swess (60).
Endothelin-1 can reduce cutaneous flow to 20% of the control value (66).
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Table 1 Changes in in vivo blood flow measured in response to various treatments in
animals and humans

Species Blood Flow (BF) Agent % Change in BF  Reference

Human  Coronary BF Acetylcholine 0.5uM +41% 56
Human Carotid artery BF  CGRP +52% 57
Human Skin BF CGRP +582% 57
Human Forearm BF Norepineprine -52% 58
Human Forearm BF Phenoxybenzamine +190% 59
Human  Forearm BF Emotional Stress +490% 60
Goat Coronary BF L-NAME —28% 61
Goat Coronary BF SNP +325% 61
Goat Cerebral BF 5-HT =45% 62
Dog Coronary BF Glibenclamide +55% 63
Dog Hindlimb BF Exercise +408% 64
Dog Cerebral BF Enkephalin +110% 65
Dog Skin BF Enkephalin -67% 65
Rat Skin BF Endothelin-1 —80% 66
Rat Skin BF L-NAME —46% 66
Dog Tongue BF Heat Stress +1500% 67
Rat Cerebral BF Hypercapnia +300% 68

Dimensions of the Flow-induced Change in the Blood Vessel
Wall

There is a positive linear correlation between flow velocity and vessel
diameter (y = 0.176x + 4.589, r? = 0.540, n = 21). This relation has
been established from observations obtained both in vivo or in vitro in
vessels with diameters of 30-185wm and with flow velocities of 3—45mm/sec
(4, 24-26, 30, 31, 48, 49). Of particular interest to this review are the
diameter changes that occur with flow change. A positive linear relationship
exists between the log of the percent change in flow velocity and the percent
change in vessel diameter under specific experimental conditions (y =
17.92x — 24.65, r2 = 0.507, n = 28). Data are from in vivo measurement
or from in vitro experiments where several flow rates have been tested
(Figure 3). Several studies (14, 48, 69, 70) have shown that diameter
reaches a new plateau within several minutes of flow change.

PHARMACOLOGY OF THE LOCAL FLOW MECHANISM
Vascular Endothelial Cells

The vascular endothelium is the first target cell reached by circulating
pharmacological agents. Endothelial cell production of NO is attenuated by
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Figure 3 Relationship between change of flow and the consequent changes in diameter of blood
vessels from different vascular beds, specics and under various expcrimental circumstances. For
details see 15, 24-26, 30, 31, 36, 40, 48,49,70,71, 87-92.

NO-synthase inhibition. L-NNA perfusion in conscious dogs raises blood
pressure and decreases heart rate (71), probably by modifying a continuous
NO production induced at least in part by flow itself. L-NAME suppresses
flow-dilation in isolated cannulated microvessels of the porcine heart (80-140
pm) (24), but L-NNA and L-NAME only attenuate flow-dilation in the
rabbit pial artery (23). These agents had no effect on flow-dilation after
endothelium removal. In addition, flow-mediated release of EDRF is sup-
pressed by methylene blue, which inhibits cGMP synthesis; oxyhemoglobin,
which is a NO scavenger; and by the removal of Ca?*, which is required
for NO production (72). The calcium entry pathway for endothelium-de-
pendent flow-dilation has a different pharmacological spectrum from the
voltage-dependent calcium channel (XW Xiao & JA Bevan, submitted).
Olesen et al (35) have shown a shear stress—induced K* current in endothelial
cells. Several blockers of K* channels have been tested in relation to flow,
including glibenclamide, blockers of ATP-sensitive K* channels (TEA;
10--5M), and charybdotoxin, a blocker of Ca?*-activated K+ channels. 8Rb*
efflux resulting from shear stress in calf pulmonary artery endothelial cells
is not affected by TEA or charybdotoxin (73). In the rat basilar artery, in
vivo topical application of neither TEA nor glibenclamide blocked flow-di-
lation (25). Pharmacological evidence suggests that the endothelial compo-
nent of flow-dilation in the rabbit pial artery is associated with the activation
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Figure4 Schematic representation of some of the mechanisms underlying the changes that occur
in smooth muscle tone of a blood vessel with alteration in intraluminal flow. Othcr mecchanisms
have been described in specific blood vessels. (See text for details.)

of the internal rectifying K channel. The endothelium-mediated response to
shear stress (73) probably involves a different pathway from the non-endo-
thelium—dependent response (25, 73; GC Wellman & JA Bevan, submitted)
(see figure 4).

Endothelial cells are also able to produce and release cyclooxygenase
products such as PGI, with flow stimulation. In the rat cremaster muscle,
indomethacin attenuates the functionally important flow-dilation (15, 74).

Endothelin- 1-induced contraction is increased in the isolated femoral artery
upon flow, resulting from either a decrease in its stores or an increased
receptor sensitivity, or both (75). One pharmacological implication of a
flow-induced decrease in endothelin-1 production would be an attenuation
of the PKC-dependent potentiation by ET-1 of the vascular contractile
response to agonists. Indeed, vascular reactivity to norepinephrine is greater
upon activation of PKC by sub-threshold concentrations of ET-1 compatible
with measured plasma levels (76).

Vascular Smooth Muscle Cells

Flow dilation in some blood vessels has both an endothelium-dependent
(see above) and an endothelium-independent component (3, 22). The latter
does not involve NO production, cycloxygenase products, or neurogenic
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mediators (23, 25). Likewise, flow-induced contraction is totally independent
of the endothelium, both in arteries (3, 36, 49, 54) and in veins (20). (See
figure 4.)

Drugs that Influence Ionic Mechanisms

Substances affecting Nat-dependent mechanisms also inhibit flow-dilation.
Blockers of Na*-H* exchange, such as amiloride or methyl-isobutyl-amilor-
ide, attenuate both flow-dilation (16) and contraction. Monensin, a Na*t
ionophore, inbibits both responses (16). The similarity of pharmacological
effects on the opposite vascular responses to flow is consistent with the
hypothesis that the sodium-related similarity reflects the sensitivity of a
common pathway (4, 18, 77). (See figure 4.)

Flow-induced contraction is associated with the entry of Ca?*: It is
suppressed in ring segments of the facial vein bathed in a medium without
Ca?* or EGTA (20). Ca?* entry blockers such as nifedipine, diltiazem, and
verapamil attenuate flow-contraction in a dosage similar to potassium-in-
duced contraction, indicating that voltage-dependent Ca?* entry is important
in this response (78). Myogenic and agonist-induced contraction have
different pharmacological profiles (78). Supporting this conclusion are find-
ings that flow-contraction is potentiated by the Ca2* channel activator Bay
K 8644 (D Henrion & JA Bevan, unpublished observation), and is associated
with vascular smooth muscle cell depolarization (51).

GENERAL PHARMACOLOGICAL IMPLICATIONS OF
THE FLOW-REGULATION OF VASCULAR TONE

The Importance of Vascular Tone Level

Isomewically mounted vessel segments without myogenic tone have been
used to analyze the mechanism of the flow effect on vascular smooth muscle
tone. Flow initiates two concurrent but opposite responses (50), reflecting
independent cellular mechanisms. Supporting this theory are observations
that chronic sympathetic denervation (79) augments flow contraction and
diminishes flow-dilation.

In the first series of experiments indicating independent mechanisms (50),
when the level of wall tone was changed by exposure to different concen-
trations of norepinephrine (0-90% of tissue maximum), flow tended to shift
wall tone toward an intermediate point. When the wall tone was set at this
intermediate level by adjusting the norepinephrine concentration, flow had
little effect on wall tone, although oscillations, presumably reflecting this
interaction, often were observed. This balance point varied between different
vascular segments. An electrophysiological study (51) supports this concept.
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Thus, changes in the blood vessel tone level would be expected to
qualitatively and quantitatively influence the response to flow. Also, if the
administered drug causes concomitant changes in arterial pressure by altering
the tone level, and these changes are associated with a change in membrane
potential, then they would be expected to modify the response to flow.

In vivo studies of the circulation are usually undertaken without consid-
ering such possible complications. This does not matter when only the end
result of the pharmacological manipulation is measured; however, such
issues should be considered in detailed, functional mechanistic studies.

Theoretical Implications of the Vascular Wall Flow Sensitive
Mechanism

UPSTREAM DRUG ACTION WITH POSSIBLE DOWNSTREAM CONSEQUENCES In
the brain circulation, at least in rabbits and humans, a-adrenoceptors are
restricted to the origin and main branches of the large cerebral arteries (81).
Smaller vessels respond minimally or not at all to «-adrenergic agents or
antagonists. Upstream constriction could cause downstream changes in
caliber, resulting in changes in blood flow. This theory is consistent with
much of the literature on the sympathetic control of cerebral blood flow
(81, 82).

UPSTREAM CONSEQUENCES ON VASCULAR TONE OF DOWNSTREAM DRUG AC-
TION The intraarterial injection of a vasodilator drug into a distal artery
or the initiation of metabolic dilation downstream can cause flow changes
in the upstream supply artery. An experimental approach based on this
concept resulted in the first documented demonstration of flow-initiated
vascular regulation (9). This approach has been used subsequently in both
animals and man (15, 26, 55). Thus, an observed change in vascular diameter
after drug administration in vivo does not necessarily implicate local drug
action.

ACETYLCHOLINE AND FLOW-DILATION Many researchers tacitly assume that
endothelium-dependent acetylcholine dilation reflects the shear stress—in-
duced responses of the vasculature, but this is not necessarily the case.
Acetylcholine causes the release of EDRF(s) from the endothelium (12),
but the response to flow is much more complex than this (see above). The
flow sensor and the muscarinic endothelial receptor are unlikely to coexist
throughout the circulation. That they reflect each other becomes even less
likely in the circulation damaged by disease.

IN VITRO AND IN VIVO DRUG DIFFERENCES There are many reasons why
the action of a drug in vitro may differ from that in vivo. On the one hand,
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the presence of a flow-sensitive system provides an additional basis for
discrepancy, especially if the in vitro preparation involves a static, non-flow
state. On the other hand, responses of an in vitro tissue system that involves
perfusion might include flow effects. Further discrepancy might result from
the difference between the viscosity of perfusion fluids and blood.

DRUG EFFECT IS DEPENDENT ON THE ARTERIAL PRESSURE There are reports
that drug effects in vivo differ quantitatively and qualitatively with the level
of the arterial pressure (83—86). This is not surprising in view of the buffer
pressoreceptor nerves, and the presence of stretch-dependent tone in resis-
tance arteries. The fact that the vascular flow—sensitive mechanism leads to
a response that is also dcpendent on vascular tonc lcvel adds further
complexity.

SUMMARY

The recognition that the wall tone of most arteries and veins can change
in response to shear stress has several implications for our understanding
of the effects of drugs on the circulation. By a primary action on the heart
and vasculature, drugs can cause changes in cardiac output and blood
pressure that lead to changes in blood flow. These changes in blood flow
can secondarily change vascular diameter, thus complicating the basic
response. Furthermore, drugs can modify the local flow-sensitive mechanism
directly. The flow-initiated effect seems to depend, both qualitatively and
quantitatively, on the level of wall tone and is not entirely endothelium-de-
pendent. If the primary action of a drug is to alter the tone level of vascular
smooth muscle directly or if tone changes as a result of a change in blood
pressure (and thus in local myogenic control), then it follows that these
changes in turn influence the flow response, both quantitatively and quali-
tatively. The vascular response to flow is complex both in its site of origin
and the functional changes initiated. It is not synonymous with the endo-
thelial-dependent action of acetylcholine.

Any Annual Review chapter, as well as any article cited in an Annual Review chapter,
may he purchased from the Annual Reviews Preprints and Reprints service.
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