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INTRODUCTION

The title of this article has implications that differ greatly according to the
reader’s perspective: The clinician needs to know what the cell membrane has
to do with elevated arterial pressure; the pharmacologist would like to know
about functional abnormalities in this membrane; and the basic biologist is
curious about whether these functional abnormalities can be accounted for by
known differences at a molecular level. In an attempt to be global in our
appeal, we have tried to address each of these three concerns.

The elevated arterial pressure of hypertension is usually caused by an
increased total peripheral resistance, and the magnitude of a pressor response
to a standard pressor stimulus is uniformly greater than normal in hyperten-
sion. For both theoretical and applied reasons, it is important to know whether
there are mechanistic differences responsible for these abnormalities among
the various types of hypertension.

At one level, all types of hypertension are the same in that in all of them
arterial pressure and vascular responsiveness are elevated. Yet, as is evident
in experimental hypertension, the initiating factors for genetic, renal, and
mineralocorticoid hypertensions are entirely different. The relevant question
is the relationship of sequences of events leading from the initiating factors to
the final common outcomes. Where do these events converge? From the point
of view of the current review it is important to ask whether all types of
hypertension result from the same vascular changes. At one level this question
can be given a convincing affirmative answer. In all types of hypertension,
resistance vessels have walls that are thicker than normal. Folkow (1) has
established that this characteristic not only increases vascular resistance by
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structural encroachment on the lumen, but also amplifies all pressor responses
caused by vascular smooth muscle contraction. Further, Folkow (2) has
demonstrated that this is an adaptive change in which the vessel wall thickens
in response to the increase in wall stress characteristic of hypertension. Its
development has the characteristics of a positive feedback system. Although it
is certain that an increase in vessel wall stress can cause this thickening, more
recent studies have suggested that in hypertension vessel wall hypertrophy
may occur in the absence of an increase in wall stress. Owens & Schwartz (3)
have described excessive numbers of polyploid cells in vessels of “pre-
hypertensive” spontaneously hypertensive rats (SHR). Bell & Overbeck (4)
have observed vessel wall hypertrophy in the normotensive portion of the
vasculature below the aortic coarctation in rats that were hypertensive above
the coarctation.

We need to ask whether the functional abnormalities of the vascular smooth
muscle membrane we think are responsible for the vascular smooth muscle
hyperresponsiveness are similar in all types of hypertension. Although we are
not aware of a definitive comparative study, important abnormalities in the
vascular smooth muscle function are evidently similar in several types of
hypertension. These abnormalities, described in detail in the following sec-
tions, include: (a) increased sensitivity to various agonists, especially sero-
tonin; (b) deficit in plasma membrane binding of calcium; and (c¢) increased
membrane permeability to sodium, potassium, and calcium.

The calcium ion plays an essential role in initiating and regulating biologi-
cal processes. For this reason the determinants of the calcium concentration at
the site of the regulated process are critical to the normal performance of the
process. In hypertension, the contractile process of vascular smooth muscle is
not normal but excessive, suggesting that there is a problem either in the
calcium regulation of this process or in the regulation of the calcium con-
centrations. At intracellular concentrations less than 0.1 #M, no contractile
activity occurs in this muscle. Higher concentrations of calcium activate
contractions as a direct function of the calcium concentration and reach
maximum contraction at a calcium concentration of approximately 10 uM.
The processes that regulate this calcium concentration therefore control
vascular smooth muscle contraction. It is interesting that these regulatory
processes are also significantly controlled by calcium. Both the actual con-
tractile process and the processes that regulate intracellular calcium concen-
tration are mediated by calcium binding proteins. The fault in the contractile
process of vascular smooth muscle that is responsible for hypertension
appears to be in calcium binding protein that regulates calcium concentration
rather than in the protein that regulates contraction.

The contractile protein system of vascular smooth muscle is “myosin
activated.” That is, it is activated by the phosphorylation of a myosin light
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chain. The phosphorylation is carried out by the enzyme myosin light chain
kinase, which is activated by calcium and the calcium binding protein cal-
modulin. Although the contractile proteins appear to be normal in the
hypertensive animals (5-8), there may be some abnormalities in this in-
tracellular regulatory system (8). In studies of skinned aortic smooth muscle,
Rinaldi et al (8) have found that the regulatory system is less sensitive to
calcium in SHR than in Wistar Kyoto normotensive rats (WKY). They also
found that this intracellular contractile system was more sensitive to the
inhibitory effect of the calcium channel blocker nifedipine.

It is evident from this review that the major differences between vascular
smooth muscle of normotensive and hypertensive animals reside in its plasma
membrane.

VASCULAR SMOOTH MUSCLE SENSITIVITY

Many studies have demonstrated that vascular responsiveness to various
stimuli is altered in hypertension (see 9-12 for reviews of their findings). The
major observations are that hypertension is characterized by an increased
sensitivity to constrictor stimuli, whereas vasodilator responsiveness is
attenuated. These changes in the vasculature often precede or parallel the
development of hypertension and are not the product of elevated blood
pressure per se (13-16). Nor are the changes necessarily related to the initial
state of vasoconstriction (17). It should be noted that the results of different
studies vary greatly. For example, isolated aortic strips from mineralocorti-
coid hypertensive and two-kidney—one-clip, renal hypertensive rats are more
sensitive to the contractile effects of arachidonate, i.e. have a lower threshold
of response, than do aortic strips from normotensive rats (18). In contrast,
aortic strips from SHR and psychosocial hypertensive mice did not demon-
strate an increased sensitivity to the contractile effects of arachidonate in
comparison with aortic strips from the corresponding normotensive controls.
The findings of studies of responsiveness, in hypertcnsion, to other vasocon-
strictors (norepinephrine, angiotensin I, etc) and vasodilators (acetylcholine,
nitroprusside, etc) show similar differences (see 9—12 for a review).

Part of the variation in research findings may be related to the fact that the
blood vessel wall contains two other components (endothelium and nerve
endings) that can alter the contractile state of the smooth muscle cells. The
endothelium releases both dilator and constrictor factors in response to var-
ious stimuli. Several recent studies have demonstrated that these endothelial
functions are altered in hypertension. Endothelium-dependent relaxation in
response to acetylcholine, bradykinin, histamine, and A23187 is reduced in
some blood vessels isolated from adult, genetically hypertensive rats (19-25).
However, this reduction in the dilating influence of the endothelium does not
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appear to be an initiating factor for elevated blood pressure. Reactivity to
endothelium-dependent vasodilators in young SHR does not differ from that
in age-matched normotensive rats, even though blood pressure is elevated in
the young SHR. Furthermore, some blood vessels isolated from adult SHR
show normal endothelium-dependent relaxation responses, while depressor
responses to acetylcholine are exaggerated in the intact SHR as compared to
normotensive WKY (24, 26). In the psychosocial hypertensive mouse, relax-
ation in aortic strips in response to acetylcholine is increased. This effect
suggests that the endothelium may make a compensatory response that masks
altered smooth muscle sensitivity to some vasoactive agents (27). Observa-
tions suggesting the possibility of a compensatory responsc by thc cndothe-
lium have also been reported for aortic segments from SHR (24).

Recent studies suggest that the endothelium of arteries from SHR release
contractile factors in response to some stimuli. Luscher & Vanhoutte (21)
reported that acetylcholine causes endothelium-dependent contractions in
isolated aortic segments from SHR but not in aortic segments from WKY.
These contractile responses to acetylcholine were blocked by inhibitors of
cyclooxygenase, thromboxane synthetase, and leukotriene synthetase. It
appears that a muscarinic activation in the endothelium of SHR releases a
cyclooxygenase product that causes contraction of aortic smooth muscle.
Similar observations have been reported for serotonin-induced constriction in
the coronary vasculature of SHR (28).

The activity of the adrenergic nerves in the blood vessel wall can influence
the responsiveness of the smooth muscle cells (29). Several investigators have
provided evidence that the neuronal uptake process in arteries from SHR is
augmented in comparison with that in arteries from normotensive rats (30--
34). This increased neuronal uptake process masks the increased sensitivity to
catecholamines of the smooth muscle cells in blood vessels from hypertensive
animals inasmuch as it removes the agonist from the vicinity of the smooth
muscle receptors.

One of the unique features of the increased vascular sensitivity characteris-
tic of the hypertensive state is that it is not the same for all stimuli. For
example, contractile sensitivity to serotonin and methysergide is augmented
to a greater degree in arteries from hypertensive animals than is contractile
sensitivity to norepinephrine (see 35 for review). Arteries from hypertensive
rats also show an unusual contractile sensitivity to nonphysiological divalent
cations (barium, strontium, cobalt, etc) that has been demonstrated to be a
genetically determined defect in the SHR (36-38).

The altered vascular sensitivity in hypertension may be regulated by the
central nervous system, and the magnitude of the vascular change is de-
monstrably influenced by dietary factors. Several investigators (39--41) have
shown that destruction of catecholamine-containing neurons in the central
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nervous system reverses the increased contractile sensitivity to various agents
and prevents the development of high blood pressure. It has also been shown
that the dietary intake of certain minerals (calcium, magnesium), protein, and
fatty acids alters the contractile function of blood vessels isolated from
hypertensive animals, and that increased ingestion of these substances reduces
blood pressure (40, 42--47).

CELL MEMBRANE RECEPTORS

The initial step leading to a change in the contractile properties of a vascular
smooth muscle cell is the binding of the agonist to a receptor site located on
the cell membrane. Altered sensitivity to vasoactive drugs in hypertension
could derive from changes in the interaction between the agonist and the
receptor sites on the vascular smooth muscle cell membrane. Relatively few
studies have examined this possibility, but the major observations can be
summarized as follows: (a) the number and affinity of alpha-adrenergic
receptors on vascular cells is not sufficiently changed in hypertension to
account for the increased sensitivity to alpha-adrenergic agonists (48-50); (b)
there is a decrease in the number (but not in the affinity) of beta-adrenergic
receptors in vascular smooth muscle cells in hypertension that parallels the
inability of beta-adrenergic agonists to cause hypertensive arteries and veins
to relax (51-53); and (c) the affinity of serotonergic receptors is not changed
in hypertension, indicating that increased vascular sensitivity to the
monoamine does not relate to this receptor property (54).

CALCIUM CHANNELS

Major regulators of the concentration of activator calcium in the vascular
smooth muscle cell are the calcium channels in the plasma membrane through
which calcium moves into the cell down its 10,000-fold concentration gra-
dient. Van Breemen et al (55) have observed that this transmembrane move-
ment of calcium into vascular smooth muscle obtained from hypertensive
animals is greater than normal. The calcium channel through which calcium
moves is a calcium binding protein, the function of which can be influenced
by the amount of calcium bound to it. Johnson et al (56) observed this
influence in a study of segments of porcine coronary artery. In their investiga-
tion, they rinsed this vascular smooth muscle several times in a calcium-free
physiological salt solution and then depolarized it with 35 mM KCl to open
the voltage-operated calcium channels. They then titrated the preparation with
calcium, monitoring tension as a function of intracellular calcium concentra-
tion. Tension increased until the extracellular concentation reached 2.5 mM;
then it declined. At 10 mM it had diminished to one third maximum; and at 30
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mM the muscle was completely relaxed. They then were able to obtain a
maximum contraction with 2 X 1075 M histamine, which released calcium
from internally sequestered stores. They thereby demonstrated that this relax-
ation was due to reduction of the concentration of cytosolic calcium in the
muscle rather than to inactivation of the contractile protein. Johnson et al (56)
conclude that calcium binds to a “calcium binding protein on the channel,
producing structural changes in this calcium binding protein that result in
channel blockade or inactivation.”

The relevance of this channel to the cellular mechanism of hypertension
was suggested to us in 1973 (57), when we observed that in hypertensive rats
a higher concentration of calcium in vascular smooth muscle was required to
produce relaxation than in normotensive rats. This was true for muscle from
genetic, mineralocorticoid, and renal hypertensive rats. We interpreted this
observation to indicate that there are fewer calcium binding sites on the
plasma membrane of this muscle in hypertension, and that hence a higher
concentration of calcium is required to produce membrane “stabilization”
equivalent to that of the muscle in its normal state.

Recent observations have added support to the hypothesis that in hyperten-
sion there is a reduced amount of calcium bound to, and thus stabilizing the
vascular smooth muscle membrane (Lamb, Moreland, & Webb, unpublished
findings). Strips of rat aortae from SHR and WKY were treated for 5 minutes
in a potassium- and calcium-free muscle bath. Addition of calcium (2mM)
caused contraction of both strips. The rate of contraction was much more
rapid in the aorta from the SHR than in that from the WKY. The responses
were reduced to the same low level by treatment with nifedipine. In contrast,
when they had been pretreated with 2mM EGTA to remove all calcium from
the membrane, both strips contracted very rapidly when calcium was added to
the bath. These observations were interpreted to indicate that the rate of
contraction, or of calcium entry into the cell, was inversely related to the
amount of calcium bound to the membrane. In the aorta from SHR, as
compared to that from WKY, there is less calcium bound to the membrane in
a manner that limits entrance of calcium through nifedipine-sensitive chan-
nels. Treatment with EGTA removes all the “stabilizing” calcium from the
membrane with the result that calcium entry into the cell is very rapid. This
potential-operated channel is also the protein binding site for the di-
hydropyridine compounds that, depending on the compound, may either
block or activate this channel.

Our research has provided observations giving insight into the relationships
between: (a) the action of a calcium entry blocker; (b) the effect of high
calcium concentration (calcium stabilization); and (c) the hypertensive pro-
cess (Webb, unpublished findings, 1984). We examined the effects of D600
on the ability of an elevated calcium concentration to relax strips of tail artery
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from SHR and WKY . In methoxamine-contracted strips, the relaxant effect of
elevated calcium concentrations was less in SHR than in WKY strips. D600
inhibited the calcium-induced relaxation of the arterial strips of both strains of
rats; however, this inhibition occurred to a lesser degree for the strips from the
SHR. We attributed the smaller ability of calcium to cause relaxation in SHR
to a reduced number binding sites for calcium on the membrane, and a
consequent decrease in susceptibility of the membrane to stabilization. The
reduced inhibitory action of D600 suggests that this calcium entry blocker
may be operating through the same reduced number of binding sites in the
smooth muscle from the SHR.

Recently, studies have also been made of the effects of the dihydropyridine
“calcium agonist” Bay K 8644 on vascular smooth muscle from, normoten-
sive and hypertensive rats. This agonist opens rather than closes calcium
channels. Asano et al (58) report that vascular smooth muscle from SHR is
much more sensitive to Bay K 8644 than is that from WKY. Bruner & Webb
(personal communication) have confirmed this difference, using strips of
carotid artery from WKY and from stroke-prone SHR (SHRSP). In physi-
ological salt solution (PSS) with normal potassium concentration, strips from
SHRSP contracted in response to Bay K 8644, whereas those from WKY did
not. When the concentration-response curve to Bay K 8644 was repeated in
PSS containing 12 mM KCl, a small contraction developed in the WKY strip,
and the magnitude of the response of the strip from the SHRSP was increased.
When the KCI concentration was increased to 18 mM, both strips gave large
and equal responses to Bay K 8644. It was concluded that in the resting
vascular smooth muscle from SHRSP, more calcium channels are in a con-
formation that can be activated by Bay K 8644 than in that same muscle from
WKY. This is a conformation that can be achieved by depolarization in
vascular smooth muscle from either source.

Thesc observations, together with those of the earlier studies on calcium
stabilization of this channel, support the conclusion that in hypertension there
is an abnormality in this potential-operated calcium channel.

Recently, Wright et al (59, 60) have extracted an interesting peptide from
the red blood cells of SHR. The action of the peptide is relevant to the calcium
channels of vascular smooth muscle, since it increases calcium uptake of aorta
and potentiates the contractile response produced by depolarization with KCI.
Smooth muscle from SHR is more sensitive to this peptide than is that from
WKY. Single injections of minute amounts of the peptide either into the tail
vein or into the 3rd ventricle of the brain produces arterial pressure elevations
that reached a peak in 3-5 days.

Several investigators have used the patch clamp technique to characterize
these channels in vascular smooth muscle (61-66). This muscle has two types
of voltage operated calcium channels, one inactivated quickly, the other
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slowly. More recently Rusch & Hermsmeyer (personal communication) have
used this technique to compare cells from the azygous vein of neonatal SHR
and WKY. They found that, although the total calcium current was the same
in cells from these two sources, the relative proportion of “transient” and
“sustained” currents was altered. Sustained current, thought to deliver the
calcium that regulates contraction, comprised about two thirds of the current
in SHR cells, whereas it comprised only one third of that in WKY cells.
Calcium currents in the SHR cells became activated at lower electronegative
potentials than did those from WKY. They believe that this difference occur-
ring in neonatal individuals of these two strains would have the proper
characteristic to explain a genetic component of increased peripheral resis-
tance in the adults.

These calcium channels in the plasma membrane may be the most obvious
regulators of cytoplasmic calcium concentration, yet this membrane has other
important calcium regulatory systems. Of these, the following have been
considered for the role they might play in hypertension: (a) phosphoinositide
metabolism; (b) the sodium/calcium exchanger (Na/Ca); (c) sodium/
potassium pump (Na/K ATPase); (d) the sodium/hydrogen exchanger (Na/H);
and (e) the calcium efflux pump.

PHOSPHOINOSITIDE METABOLISM

The hydrolysis of membrane phosphoinositides in response to an agonist
results in the liberation of two second messengers that may serve in a
multifunctional transducing system (67--69). The two second messengers are:
membrane-associated diacylglycerol and water-soluble inositol trisphosphate.
Diacyglycerol activates protein kinase C, whereas inositol trisphosphate
causes a release of calcium from intracellular membrane stores (67--69).
Several studies suggest that both of these cellular processes accompany the
contractile state in vascular smooth muscle (70-79).

In arteries from genetically hypertensive rats contractile sensitivity to
protein kinase C activators (12-O-tetradecanoylphorbol-13-acetate and meze-
rein) is increased in comparison to arteries from normotensive rats (70).
Furthermore, a selective inhibitor of protein kinase C [1-(5-isoquinolinesulfo-
nyl)-2-methylpeperazine] blunts the enhanced sensitivity to serotonin in arter-
ies from SHRSP (80). Since protein kinase C plays a role in the phosphoryla-
tion of several regulatory proteins (calcium-calmodulin, etc), it is possible
that alterations in the activity of this enzyme contribute to the increased
vascular sensitivity in hypertension.

Studies also indicate that the metabolism of inositol phosphates may be
changed in arteries from hypertensive rats. Recent unpublished observations
of Turla & Webb indicate that following treatment with serotonin release of
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radiolabeled inositol phosphates in aortae from SHRSP is augmented in
comparison to that in aortae from normotensive rats. These observations may
explain the exaggerated phasic response to serotonin under calcium-free
conditions in arteries from hypertensive rats (54). For it is known that inositol
triphosphate causes a release of membrane-bound calcium (67-69), and that
the initial phasic response in vascular smooth muscle is dependent upon
activator calcium from an intracellular source.

SODIUM/CALCIUM EXCHANGER

The Na/Ca exchanger provides an attractive mechanistic explanation of the
known relationships between dietary sodium intake and hypertension. A
critical analysis of this exchanger in the squid axon (81) reveals that it is
capable of operating in either direction across the membrane. Passive move-
ment of either ion down its electrochemical gradient causes the movement of
the other ion in the opposite direction. The transport process in vascular
smooth muscle most investigated is the movement of sodium down its con-
centration gradient into the cell; this movement energizes the movement of
calcium out of the cell against its metabolic gradient. It is possibly an
important calcium efflux system. In accord with this possibility, experimental
procedures that diminish the sodium concentration gradient decrease calcium
efflux and hence increase contraction of this muscle. The decrease in sodium
gradient is accomplished either by decreasing the sodium concentration of the
physiological salt solution or by inhibiting the sodium pump, so that the
intracellular concentration of this ion increases. Although the observed results
are compatible with the operation of this membrane exchanger, there are
alternative explanations. For instance, the aforementioned procedures could
have potentiated the contraction by depolarizing the membrane, thereby
opening potential operated calcium channels. In the assessments of Na/Ca
exchangers, the breadth of the interpretations is somewhat narrowed by using
plasma membrane preparations rather than isolated vessel segments or smooth
muscle cells. Grover et al (82), using inside-out vesicles of plasma membrane
preparations from uterine smooth muscle, observed that calcium was gained
by sodium loaded vesicles when the sodium concentration of the medium was
reduced. This happened even when the calcium was moved against a concen-
tration gradient. However, the exchange was abolished when the membrane
was made leaky by either the calcium ionophore, A23187, or the sodium
ionophore, monensin. David-Dufilho et al (83) observed that the rate of
sodium-dependent calcium efflux (Na/Ca exchange) in heart sarcolemmal
vesicles from young rats was significantly greater in those from SHR than in
those from WKY. Using electrophysiological technique, Hermsmeyer &
Harder (84) were unable to find evidence of a Na/Ca exchanger in basilar and
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caudal arteries from SHRSP and WKY. In contrast, Matlib et al (85) have
observed that calcium uptake by sarcolemmal vesicles of mesenteric arteries
from SHR and WKY is dependent upon sodium loading. The level of activity
of the Na/Ca exchanger was greater in membrane vesicles from SHR, but the
difference was not statistically significant.

The uncertainty about the role played by this exchanger in vascular smooth
muscle function, and hence in the mechanism for hypertension, is emphasized
in three recent reviews dealing with the Na/Ca exchanger in vascular smooth
muscle (86-88). Brading & Lategan (86) conclude: “In spite of the strong
possibility that blood vessels do possess a Na-Ca exchange mechanism, and
the attractiveness of Na-Ca exchange as a mechanism which could link the
known importance of Na with the increase in vascular resistance in hyperten-
sion, there is at present no direct evidence that it plays a significantrole in the
aetiology of hypertension.”

SODIUM/POTASSIUM PUMP

The active membrane transport system for sodium and potassium has also
been given much attention in regard to its connection with hypertension. The
majority of studies that have evaluated this “sodium pump” in vascular
smooth muscle have found that its activity is increased in hypertension (83,
89-93). However, other studies have reported that in hypertension a humoral
substance in the plasma inhibits pump activity (94--99).

Different techniques have been employed to evaluate sodium pump activity
in the vessel wall. David-Dufilho et al (83) measured ATP hydrolysis by
plasma membrane vesicles from young SHR and WKY. They determined that
the Na/K ATPase activity was twice as great in SHR as in WKY (22.2 + 2.6
vs. 11.3 = 1.6 pmol/h/mg), a finding that indicates an increased number of
pump units. Other evaluations of pump activity have been more indirect.
“Potassium relaxation” reflects the degree of membrane hyperpolarization
caused by the electrogenic activity of the pump. Webb and his associates have
observed that this relaxation is greater in vascular smooth muscle from
hypertensive animals than in that from normotensive controls when studied in
SHR (89), renal hypertensive rats (90) and DOCA hypertensive pigs (91).
Hermsmeyer (92) has measured the membrane potential of the muscle in the
rat tail artery in the presence (37°C) and absence (16°C) of the electrogenic
pump. In the SHR this pump contributed 12 mV, whereas it contributed only
5 mV in smooth muscle from the WKY. Jones (93) found that the maximum
efflux of sodium from rat aorta was increased by 40--50% following treatment
with DOCA. These indirect observations have been interpreted as evidence of
hyperactivity of Na/K ATPase that has been driven by a greater sodium leak
into the cell. ,J
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Additional understanding of these relationships has been developed recent-
ly from studies of vascular smooth muscle cells after 9-11 passages in tissue
culture. In these cells, the most consistent difference between those from SHR
and WKY was the more rapid fluxes of ?Na and **Rb observed in the SHR
cell (100). The number of pump units, measured as ouabain binding sites, was
significantly less in both SHR and WKY than in standard Wistar rats (101).
Differences observed in these preparations must be primary genetic differ-
ences in the vascular smooth muscle, rather than the consequences of in-
creased wall stress or secondary manifestations of circulating factors in vivo.

Sodium Pump Inhibitors

Whereas the studies already treated have been directed toward an understand-
ing of the intrinsic activity of the Na/K ATPase in the vascular smooth muscle
membrane, other investigators have considered that this activity may not be
relevant to what happens in vivo. For a decade now, a strong case has been
made that a humoral sodium pump inhibitor plays a role in the pathogenesis of
hypertension. Several laboratories (94-99) have presented evidence that plas-
ma from experimental animals or patients with hypertension contains a factor
that inhibits sodium pump activity. This inhibitory action should increase total
peripheral resistance by at least two means: (a) by decreasing the activity of
the electrogenic pump, it will depolarize the plasma membrane and thereby
open potential operated calcium channels; and/or (b) by decreasing sodium
extrusion, intracellular sodium will accumulate, decreasing the transmem-
brane sodium gradient and thus decreasing the activity of the Na/Ca exchang-
er that is responsible for calcium extrusion from the cell. In addition to these
actions that could produce hypertension, this factor is also considered to have
a natriuretic effect by inhibiting sodium reabsorption from tubular urine. The
factor is associated especially with hypertension in which there is volume
expansion and sodium excess. In a review article that strongly supports the
hypothesis that this factor plays a role in hypertension, Haddy (94) points out
the end it probably serves: “Increased pressure and decreased reabsorption
would be the best way to rid the body of the excess sodium and water.”
Many different types of studies have supported the conclusion that in
hypertension a factor in the plasma suppresses the activity of the sodium
pump. For instance, Poston et al (95) found that sodium content of leukocytes
from patients with essential hypertension to be about twice that of these cells
from normotensive controls. The rate constant for the ouabain-sensitive
sodium efflux was 50% greater in leukocytes from normotensive controls than
in these cells from the patients with essential hypertension. However, when
the normal leukocytes were incubated in serum from the hypertensive
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patients, their sodium efflux rate constant was reduced to the same low level
as in those from the hypertensive patients.

Hamlyn et al (96) monitored the hydrolysis of ATP by a partially purified
Na/K ATPase from dog kidney. They demonstrated the inhibition of this
enzyme by ouabain or vanadate, and found a highly significant correlation
between the level of a plasma inhibitor of the enzyme and mean arterial blood
pressure of normotensive and hypertensive individuals. Hamlyn has recently
obtained an inhibitor of active sodium transport (STI) that increases in the
plasma following volume expansion (personal communication). The inhibitor
has been purified to apparent homogeneity and is a heat and acid stable polar
compound of low molecular weight with chromatographic and mechanistic
properties distinct from cardiac glycosides.

By radioimmunoassay, Gruber et al (97) determined the concentration of an
endogenous plasma substance that reacted with goat antidigoxin antibody.
They called the substance an endogenous digoxin-like factor and found that its
plasma level paralleled the elevation of arterial pressure in Goldblatt
hypertension in nonhuman primates.

Haddy & Pamnani (98) have amassed considerable evidence in support of
their hypothesis that the “volume expanded” form of hypertension is caused
by a circulating sodium pump inhibitor. They observed an inhibitory action of
plasma from these animals on three assay systems: (a) ouabain-sensitive 3°Rb
uptake in rat tail artery; (b) short-circuit current in toad bladder; and (c)
membrane potential in rat tail artery.

Magargal & Overbeck (99) studied ouabain-sensitive ®Rb uptake in pri-
mary cultured rat aortic smooth muscle cells. They found that plasma from
rats with 1-kidney, l-clip renal hypertension was significantly less able to
stimulate this uptake than that from normotensive rats.

Songu-Mize et al (102) has presented evidence that the circulating pump
inhibitor has its origin in the hypothalamus.

Boon et al (103) have recently presented evidence that raises serious
questions as to this action of a sodium pump inhibitor in essential hyperten-
sion. They evaluated thc sodium pump activity by the rate of rubidium
clearance from the plasma and the rate of its appearance in the red blood cells.
Rubidium was used as a marker for potassium. They compared these parame-
ters in 22 untreated patients with essential hypertension with those in 22
carefully matched control subjects. This test revealed that patients receiving
digoxin treatment and those with chronic renal failure had a reduction in Na/K
ATPase activity, and that those with hypertension did not. Vo and Bohr have
recently repeated a parallel evaluation of Na/K ATPase activity in DOCA
hypertensive pigs (unpublished observation). Following the intravenous infu-
sion of 5 pg/kg rubidium over a 100 min period, the rubidium level in the red
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blood cells reached 40.3 + 4.5 pmole/l in the DOCA hypertensive pigs and
only 23.8 + 2.4 umol/l in the red blood cells of the control pigs. It is evident
that if there is a circulating pump inhibitor in these animals, its action is
masked by a more potent pump stimulation, presumably by an increase in
intracellular sodium concentration (104).

We have presented evidence that in hyptertension, membrane permeability
to sodium in vascular smooth muscle treated with ouabain increases. In-
tracellular sodium accumulates and the smooth muscle contracts, probably
because the transmembrane gradient of sodium is diminished, lessening the
calcium extrusion by means of the Na/Ca exchanger (88). In genetic (105),
mineralocorticoid (106), and renal hypertensive rats (107), the aortic smooth
muscle contracts to a greater extent than does that from their respective
controls. We interpreted these observations as evidence that in hypertension
the membrane is more permeable to sodium. This interpretation was sup-
ported by the observation that if normal aortic smooth muscle is treated with
the sodium ionophore, monensin, its response is the same as that of such
muscle from a hypertensive animal. On the other hand, the responsiveness of
the aorta from the hypertensive animal could be reduced to normal by
treatment with the sodium blocker amiloride.

These functional studies suggest that mineralocorticoid excess may cause a
change in membrane permeability to sodium that can increase vascular
smooth muscle responsiveness. A detailed analysis by Moura & Worcel (108)
of this action on vascular smooth muscle membrane indicated that aldosterone
produces an increase in sodium transport by three different mechanisms. They
made their observations of the action of aldosterone on vascular smooth
muscle both in vivo and in vitro. Two of the effects were delayed one or two
hours and were completely blocked by actinomycin D. These effects, there-
fore, depended on stimulation by aldosterone of protein synthesis. One of the
delayed effects was ouabain sensitive, which indicated that aldosterone had
stimulated the production of the active sodium pump (membrane Na/K
ATPase). The other delayed effect was ouabain insensitive, which demon-
strated that aldosterone treatment had also produced a passive protein channel
in the membrane. The third action by which aldosterone stimulated sodium
efflux occurred within 15 min and was not inhibited by actinomycin D.
Presumably, this stimulation represented a direct action of aldosterone on the
plasma membrane. This effect, as well as the increase in sodium pump
activity, occurred both in vivo and in vitro. However, stimulation of the
delayed ouabain-insensitive system occurred only when aldosterone was
administered in vivo.

This observation argues that the delayed increase in passive protein chan-
nels was secondary, resulting from the action of aldosterone on a control
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system not in the blood vessel wall. Gomez-Sanchez (109) has observed that
hypertension results from the administration of minute amounts of aldosterone
into the lateral cerebral ventricles. This amount had no effect when adminis-
tered systemically. This observation suggests that the factor responsible for
the increase in ouabain insensitive sodium transport in vascular smooth
muscle could be of central origin. If this is the case, this increase in passive
sodium transport may be important in the development of hypertension. By
increasing sodium influx, it may drive the sodium pump and thereby mask the
action of a sodium pump inhibitor.

SODIUM/HYDROGEN EXCHANGER

Another membrane system that plays an important role in regulating sodium
metabolism in the vascular smooth muscle cell is the Na/H exchanger. Little
et al (110) present the following observations, which indicate that this ex-
changer accounts for most of the sodium influx in rat aortic smooth muscle
cells in primary culture: (a) ethylisopropylaminoride, a specific inhibitor of
Na/H exchange, blocks 80% of the sodium accumulation in ouabain treated
cells; (b) acidification of the cell by exposure to nigericin or by incubation in a
medium containing ammonium chloride increases 2Na influx into the cell;
this increase is prevented by treatment with ethylisopropylamiloride; and (c)
sodium influx is greatly decreased by lowering the pH of buffer of the
extracellular PSS. The increased sodium influx via the Na/H exchanger
causes an increased activity of the Na/K ATPase, thereby maintaining in-
tracellular sodium content approximately constant.

Cecll swelling has also been used to measure the activity of the Na/H
exchanger (111). When sodium propionate is substituted for sodium chloride
in the PSS, the free propionate anion is in equilibrium with the proprionic
acid. This acid is lipid soluble and therefore enters the cell. Intracellularly, it
dissociates liberating H*, which activates the Na/H exchanger. The continued
presence of the weak acid leads to intracellular accumulation of sodium
propionate. Uptake of osmotically obligated water then leads to cell swelling.
Volume measurements are made by electronic cell sizing with a Coulter
counter. No swelling occurs if potassium propionate is used instead of sodium
propionate, since the Na/H exchanger does not exchange with potassium. In
the presence of sodium proprionate, amiloride blocks the swelling.

Using this cell swelling evaluation of Na/H exchange, Feig et al (111)
observed that the activity of this system was greater in thymocytes from SHR
than in those from WKY or domestic Wistar rats. Livne et al (112) found that
the exchanger was more active in blood platelets from patients with essential
hypertension than in those from normotensive controls.
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In a recent study, Muslin et al (113) presented evidence that supported the
importance of the Na/H exchanger in hypertension. They noted that amilor-
ide, an antagonist of Na/H exchange, decreases blood pressure in SHR but not
in WKY. They found that the Na/H exchange in vascular smooth muscle cell
culture was twice as great in cells from SHR as in those from WKY. They
also observed a greater acidification in the SHR cells in response to an-
giotensin I1. The acidification was accompanied by a much greater increase in
intracellular calcium concentration. They concluded that the enhanced Na/H
exchange may contribute to the increased vascular contraction in SHR.

CALCIUM EXTRUSION PUMP

This plasma membrane system for regulating intracellular calcium concentra-
tion is universal. Schatzmann (114) emphasized the importance of this func-
tion when he asserted that “living matter is distinct from the rest of the
universe in not putting up with the prevailing Ca>* concentration.” He has
characterized this calcium extrusion pump as it is found in the red blood
cell, where it is most easily studied. It is a calcium and magnesium re-
quiring ATPase of approximately 140,000 molecular weight. It is stimu-
lated by calmodulin and inhibited by vanadate. Its characteristics clearly
differentiate it from the pump that sequesters calcium in the sarcoplasmic
reticulum.

Several investigators have studied this calcium extrusion pump in vascular
smooth muscle.

Popescu et al (115, 116) have demonstrated the presence of this calcium
and magnesium-dependent ATPase in scarolemmal membranes of pig coro-
nary artery. They observed that nitroglycerin stimulates the calcium extrusion
pump and concluded that this is the mechanism by which this agent produces
coronary dilatation. Other investigators have shown that this activity occurs in
the bovine aorta (117) and pig coronary artery (118). Evidence has also been
presented indicating that some of the vasodilator activity of nitrendipine
results from its stimulation of the calcium extrusion pump (119).

Kwan et al (120) compared the ATP-dependent calcium accumulation into
inside-out sarcolemmal vesicles from mesenteric arteries of normotensive and
hypertensive rats. This measure of active calcium extrusion was reduced in
both SHR and mineralocorticoid-induced hypertension.

Postnov and Orlov (121), in support of their hypothesis that the membrane
abnormality in hypertension is generalized to all tissues, present evidence that
the calcium uptake by plasma membrane vesicles from rat brain is 40% less in
SHR than WKY.
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OVERVIEW

Figure 1 indicates that specific initiating factors can be used experimentally to
produce hypertension by increasing total peripheral resistance. This increase
in vascular resistance is accompanied by an increase in vascular smooth
muscle sensitivity. This review surveys experimental evidence bearing on
possible mechanisms responsible for the increase in sensitivity. The mech-
anisms have the form of plasma membrane systems involved in the regulation
of intracellular ionized calcium concentration. Evidence can be found that in
hypertension, each of the many regulatory systems changes in such a way that
it could be responsible for the increase in cellular calcium. The problem
confronting the field at the present time is to determine which of the mem-
brane changes is primary and therefore plays the most important role in
increasing vascular smooth muscle sensitivity in hypertension. The bias of the
authors of the present review is that in hypertension there is a generalized
defect or deficit in the calcium binding protein of the plasma membrane, and
that this defect is responsible for a lack of membrane stability.

Initiating Factors

genetic endocrine renal neural
1 1 1 1

Membrane permeability Receptor and transducing

and ion transport events (phosphoinositides)

Increased calcium availability
to contractile proteins

|

1) Increased myogenic tone
2) Increased constrictor sensitivity
3) decreased dilator sensitivity

|

Increased total peripheral resistance

Hypertension

Figure I Involvement of the plasma membrane of the vascular smooth muscle cell in hyperten-
sion.



Annu. Rev. Pharmacol. Toxicol. 1988.28:389-409. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

CELL MEMBRANE IN HYPERTENSION 405

ACKNOWLEDGMENTS

Research reported on in this manuscript was supported by grants (HL-18575
and HL-27020) from the National Institutes of Health.

Literature Cited

1.

1.

Folkow, B., Hallback, M., Lundgren,
Y., Weiss, L. 1970. Background of in-
creased flow resistance and vascular
reactivity in spontaneously hypertensive
rats. Acta Physiol. Scand. 80:93-106

. Folkow, B. 1982. Physiological aspects

of primary hypertension. Physiol. Rev.
62:347-504

. Owens, G. K., Schwartz, S. M. 1982.

Alterations in vascular smooth muscle
mass in the spontaneously hypertensive
rat: role of cellular hyperwophy, hyper-
ploidy and hyperplasia. Circ. Res.
56:525-36

. Bell, D. R., Overbeck, H. W. 1979.

Increased resistance and impaired
maximal vasodilatation in normotensive
vascular beds of rats with coarctation
hypertension. Hypertension 1:78—85

. Seidel, C. L. 1979. Aortic actomyosin

content of maturing normal and spon-
taneously hypertensive rats. Am. J.
Physiol. 237:H34-H39

. Nghiem, C. X., Rapp, J. P. 1983. Re-

sponses to calcium of chemically skin-
ned vascular smooth-muscle from spon-
taneously hypertensive rats. Clin. Exp.
Hypertension A 5:849-56

. McMahon, E. G., Paul, R. J. 1985. Cal-

cium sensitivity of isometric force in in-
tact and chemically skinned aortas dur-
ing the development of aldosterone-salt
hypertension in the rat. Cir. Res. 56:
427-35

. Rinaldi, G. J., Cattaneo, E. A., Mattiaz-

zi, A., Cingolani, H. E. 1987. Dissocia-
tion between calcium influx blockage
and smooth muscle relaxation by nifedi-
pine in spontaneously hypertensive rats.
Cir. Res. 60:367-74

. Webb, R. C. 1984. Vascular changes in

hypertension. In Cardiovascular Phar-
macology, ed. M. J. Antonaccio, pp.
215-55. New York: Raven

. Webb, R. C., Bohr, D. F. 1981. Recent

advances in the pathogenesis of
hypertension: Consideration of structur-
al, functional and metabolic vascular
abnormalities resulting in elevated arte-
rial resistance. Am. Heart J. 102:251-64
Bohr, D. F., Webb, R. C. 1984. Vascu-
lar smooth-muscle function and its

13.

15.

16.

17.

18.

19.

20.

21.

changes in hypertension. Am. J. Med.
77(Suppl.4A):3-16

. Triggle, C. R., Laher, 1. 1985. A review

of changes in vascular smooth muscle
functions in hypertension: isolated tissue
versus in vivo studies. Can. J. Physiol.
Pharmacol. 63:355-65

Hansen, T. R., Bohr, D. F. 1975.
Hypertension, transmural pressure and
vascular smooth muscle response in rats.
Circ. Res. 36:590-98

. Berecek, K. H., Bohr, D. F. 1977.

Structural and functional changes in
vascular resistance and reactivity in the
deoxycorticosterone acetate (DOCA)-
hypertensive pig. Circ. Res. 40
(Suppl.1):146-52

Lais, L. T., Brody, M. J. 1978. Vaso-
constrictor hyperresponsiveness: An ear-
ly pathogenic mechanism in the spon-
taneously hypertensive rat. Eur. J.
Pharmacol. 47:177-89

Mulvany, M. J., Aalkjaer, C., Christen-
sen, J. 1980. Changes in noradrenaline
sensitivity and morphology of arterial re-
sistance vessels during development of
high blood pressure in spontaneously
hypertensive rats. Hypertension 2:664—
71

Doyle, A. E., Fraser, J. R. E., Mar-
shall, R. J. 1959. Reactivity of forearm
vessels to vasoconstrictor substances in
hypertensive and normotensive subjects.
Clin. Sci. 18:441-48

Lockette, W. E., Webb, R. C. 1985.
Vascular responses to sodium arachidon-
ate in experimental hypertension. Proc.
Soc. Exp. Biol. Med. 178:536-45
DeMey, J. F., Gray, S. D. 1985. En-
dothelium-dependent reactivity in resis-
tance vessels. Prog. Appl. Microcirc.
8:181-87

Luscher, T. F., Raij, L., Vanhoutte, P.
M. 1987. Endothelium-dependent vas-
cular responses in normotensive and
hypertensive Dahl rats. Hypertension
9:157-63

Luscher, T. F., Vanhoutte, P. M. 1986.
Endothelium-dependent contraction to
acetylcholine in the aorta of the spon-
taneously hypertensive rat. Hyperten-
sion 8:344-48



Annu. Rev. Pharmacol. Toxicol. 1988.28:389-409. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

406

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

34.

BOHR & WEBB

Lockette, W. E., Otsuka, Y., Carretero,
O. 1986. The loss of endothelium-de-
pendent vascular relaxation in hyperten-
sion. Hypertension 8(Suppl.11):61—
66

Winquist, R. J., Bunting, P. B., Baskin,
E. P., Wallace, A. A. 1984. Decreased
cndothclium-dependent  relaxation in
New Zealand genetic hypertensive rats.
J. Hypertension 2:541-45

Konishi, M., Su, C. 1983. Role of en-
dothelium in dilator responses of spon-
taneously hypertensive rat arteries.
Hypertension 5:881-86

Luscher, T. F., Vanhoutte, P. M., Raij,
L. 1987. Antihypertensive treatment
normalized decreased endothelium-
dependent relaxations in rats with salt-
induced hypertension. Hypertension
9(Suppl.111):193-97

Werber, A. H., Fink, G. D. 1985. Con-
tinuous measurement of hindquarter re-
sistance changes to nerve stimulation
and intraarterial drug administration in
rats. J. Pharmacol. Methods 13:67—
82

Webb, R. C., Vander, A. J., Henry, J.
P. 1987. Increased vasodilator responses
to acetylcholine in psychosocial hyper-
tensive mice. Hypertension 9:268-76
Luscher, T. F., Rubanyi, C. M.,
Aarhus, L. L., Edoute Y., Vanhoutte,
P. M. 1986. Serotonin reduced coronary
flow in the isolated heart of the spon-
taneously hypertensive rat. J. Hyperten-
sion 4:S148-S150

Vanhoutte, P. M., Verbeuren, T. J.,
Webb, R. C. 1981. Local modulation of
the adrenergic neuroeffector interaction
in the blood-vessel wall. Physiol. Rev.
61:151-247

Cassis, L. A., Stitzel, R. E., Head, R. J.
1985. Hypemnoradrenergic innervation
of the caudal artery of the spontaneously
hypertensive rat: an influence upon
neuroeffector mechanisms. J. Pharma-
col. Exp. Ther. 234:792-803

Collis, M. G., Vanhoutte, P. M. 1977.
Vascular reactivity of isolated perfused
kidneys from male and female spon-
taneously hypertensive rats. Circ. Res.
41:759-67

Webb, R. C., Vanhoutte, P. M., Bohr,
D. F. 1981. Adrenergic neurotransmis-
sion in vascular smooth muscle from
spontaneously hypertensive rats. Hyper-
tension 3:93-103

Whall, C. W., Myers, M. M., Halpemn,
W. 1980. Norepinephrine sensitivity,
tension development and neuronal up-
take in resistance arteries from spon-
taneously hypertensive and normoten-
sive rats. Blood Vessels 17:1-15

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Webb, R. C. Bohr, D. F. 1984. The
membrane of the vascular smooth mus-
cle in experimental hypertension and its
response to serotonin. In Smooth Muscle
Contraction, ed. N. Stephens, pp. 485~
508. New York: Dekker

Bohr, D. F. 1974. Reactivity of vascular
smooth muscle from normal and
hypertensive rats: Effect of several ca-
tions. Fed. Proc. 33:127-32

Rapp, J. P. 1982. A genetic locus (Hyp-
2) controlling vascular smooth muscle
response in spontaneously hypertensive
rats. Hypertension 4:459-67

Laher, I., Triggle, C. 1984. Blood pres-
sure, lanthanum- and norepinephrine-
induced mechanical response in thoracic
aortic tissuc. Hypertension 6:700-8
Mecca, T. E., Lamb, F. S., Hall, J. L.,
Webb, R. C. 1985. Cerebral in-
traventricular 6-hydroxydopamine pre-
vents vascular changes in the mineralo-
coritoid hypertensive rat. Proc. Soc.
Exp. Biol. Med. 179:248-53

Berecek, K. H., Murray, R. D., Gross,
F. 1980. Significance of sodium, sym-
pathetic  innervation and  central
adrenergic structures on renal vascular
responsiveness in DOCA-trcated rats.
Circ. Res. 47:675-83

Haeusler, G., Finch, L., Thoenen, H.
1972. Central adrenergic neurons and
the initiation and development of ex-
perimental hypertension. Experientia
28:1200-1203

Bukoski, R. D., McCarron, D. A. 1986.
Altered aortic reactivity and lowered
blood pressure associated with high cal-
cium intake. Am. J. Physiol. 251:H976-
H83

Moreland, R. S., Webb, R. C., Bohr,
D. F. 1982. Vascular changes in DOCA
hypertension: Influence of a low protein
diet. Hypertension 4(Supp.III):99-107
Lau, K. Oasa, C. 1984. Interactions be-
tween Mg and blood pressure. Adv. Exp.
Med. Biol. 178:275-90

McCarron, D. A. 1984. Serum ionized
calcium and dietary calcium in human
and cxperimental hypertension. Adv.
Exp. Med. Biol. 178:255-70
Lovenberg, W., Yamori, Y. 1984. Nu-
tritional Prevention of Cardiovascular
Disease. New York: Academic. 410 pp.
McCarron, D. A., Filer, W., van Italle,
T. 1982. Current perspectives in hyper-
tension. A symposium on food nutrition
and health. Hypertension 4(Suppl.
I):1-177

Bhalla, R. C., Agel, M. B., Sherman,
R. V. 1986. Alpha-adrenoceptor-medi-
ated responses in the vascular smooth
muscle of spontaneously hyperten-



Annu. Rev. Pharmacol. Toxicol. 1988.28:389-409. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

49.

50.

Sl.

52.

53.

54.

55.

56.

57.

S58.

59.

60.

CELL MEMBRANE IN HYPERTENSION 407

sive rats. J. Hypertension 4(Suppl.3):
S65-S67

Hicks, P. E., Nahorski, S. R., Cook, N.
1983. Postsynaptic alpha-adrenoceptors
in the hypertensive rat: studies on vascu-
lar reactivity in vivo and receptor bind-
ing invitro. Clin. Exp. Hypertension A
5:401-27

Weiss, R. J., Webb, R. C., Smith, C.
B. 1984. Comparison of alpha-2 adre-
noreceptors on arterial smooth muscle
membranes and brain homogenates from
spontaneously hypertensive and Wistar-
kyoto normotensive rats. J. Hyperten-
sion 2:249-55

Limas, C. J., Limas, C. 1979. De-
creased number of beta-adrenergic re-
ceptors in  hypertensive  vessels.
Biochim. Biophys. Acta 582:533-36
Magnoni, M. S., Kobayashi, H., Caza-
niga, A., Izumi, F., Speno, P. F., Tra-
bucchi, M. 1983. Hypertension reduces
the number of beta-adrenergic receptors
in rat brain microvessels. Circulation
67:610-13

Field, F. P., Soltis, E. E. 1985. Vascu-
lar reactivity in the spontaneously
hypertensive rat. Effect of high pressure
stress and extracellular calcium. Hyper-
tension 7:228-35

Mecca, T. E., Webb, R. C. 1985.
Vascular responses to serotonin in ste-
roid hypertensive rats. Hypertension
6:887-92

Van Breemen, C., Cauvin, C., Johns,
A., Leijten, P., Yamamoto, H. 1986.
Ca®* regulation of vascular smooth
muscle. Fed. Proc. 45:2746-51
Johnson, J. D., Khabbaza, E. J., Bailey,
B. L., Grieshop, T. J. 1986. Calcium-
binding proteins in the regulation of
muscle contraction. In Cardiac Muscle:
The regulation of excitation and con-
traction, ed. R. D. Nathan, pp. 297-
313. Orlando, Fla: Academic
Holloway, E. T., Bohr, D. F. 1973.
Reactivity of vascular smooth muscle in
hypertensive rats. Cir. Res. 33:678-85
Asano, M., Aoki, K., Matsuda, T.
1986. Actions of calcium agonists and
antagonists on femoral arteries of spon-
taneously hypertensive rats. In Essential
Hypertension, ed. K. Aoki, pp. 35-49.
Berlin: Springer-Verlag

Wright, G. L., McCumbee, W. D.
1984. A hypertensive substance found in
the blood of spontaneously hypertensive
rats. Life Sci. 34:1521-28

McCumbee, W. D., Wright, G. L.
1985. Partial purification of a hyperten-
sive substance from rat erythrocytes.
Can. J. Physiol. Pharmacol. 63:1321-
26

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Bean, B. P., Sturek, M., Puga, A,
Hermsmeyer, K. 1986. Calcium chan-
nels in muscle-cells isolated from rat
mesenteric-arteries: Modulation by di-
hydropyridine drugs. Circ. Res. 59:229—
35

Caffrey, J. M., Josephson, 1. R.,
Brown, A. M. 1986. Calcium channels
of amphibian stomach and mammalian
aorta smooth muscle cells. Biophys. J.
49:1237-42

Friedman, M. E., Suarez-Kurtz, G.,
Kaczorowski, G. J., Katz, G. M.,
Reuben, §. P. 1986. Two calcium cur-
rents in a smooth muscle cell line. Am.
J. Physiol. 250:H699-H703

Worley, J. F. l11., Deitmer, J. W, Nel-
son, M. T. 1986. Single nisoldipine-
sensitive calcium channels in smooth
muscle cells isolated from rabbit
mesenteric artery. Proc. Natl. Acad.
Sci. USA 83:5746-50

Toro, L. Stefani, E. 1987. Ca** and K™
current in cultured vascular smooth mus-
cle cells from rat aorta. Pfliigers Arch.
408:417-19

Yatani, A., Seidel, C. L., Allen, J.,
Brown, A. M. 1987. Whole-cell and
single-channel calcium currents of iso-
lated smooth muscle cells from
saphenous vein. Circ. Res. 60:523-33
Williamson, J. R. 1986. Role of inositol
lipid breakdown in the generation of in-
tracellular signals. Hypertension
8(Suppl.11):140--56

Hokin, L. E. 1985. Receptors and phos-
phoinositide-generated second messen-
gers. Ann. Rev. Biochem. 54:205-35
Berridge, M. J. 1984. Inositol trisphos-
phate and diaclyglycerol as second
messengers. Biochem. J. 220:345-60
Turla, M. B., Webb, R. C. 1987. En-
hanced vascular reactivity to protein
kinase C activators in genetically hyper-
tensive rats. Hypertension 9(Suppl.III):
150-54

Hashimoto, T., Hirata, M., Itoh, T.,
Kanmura, Y., Kuriyama, H. 1986. Ino-
sitol 1,4,5-trisphosphate activates phar-
macomechanical coupling in smooth
muscle of the rabbit mesenteric artery. J.
Physiol. 370:605-18

Campbell, M. D., Deth, R. C., Payne,
R. A., Honeyman, T. W. 1985. Phos-
phoinositide hydrolysis is correlated
with agonist-induced calcium flux and
contraction in thc rabbit aorta. Eur. J.
Pharmacol. 116:129-36

Smith, J. B., Smith, L., Brown, E. R.,
Bames, D., Sabir, M. A. et al. 1984.
Angiotensin-II rapidly increases phos-
phatidate-phosphoinositide synthesis
and phosphoinositidc hydrolysis and



Annu. Rev. Pharmacol. Toxicol. 1988.28:389-409. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

408

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

BOHR & WEBB

mobilizes intracellular calcium in cul-
tured arterial muscle cells. Proc. Natl.
Acad. Sci. USA 81:7812-16

Roth, B. L., Nakaki, T., Chuang, D.
M., Costa, E. 1984. Aortlc recognition
snes for serotonin (SHT) are coupled to
phospholipase C and modulate phospha-
tidylinositol turnover. Neuropharmacol-
ogy 23:1223-25

Villalobos-Molina, R., Uc, M., Garcia-
Sainz, J. A. 1982. Correlation between
phosphatidylinositol labeling and con-
traction in rabbit aorta: effect of alpha-1
adrenergic activation. J. Pharmacol
Exp. Ther. 222:258--61

Chatterjee, U., Tejada, M. 1986. Phor-
bol ester-induced contraction in chemi-
cally skinned vascular smooth muscle.
Am. J. Physiol. 251:C356-C61

Itoh, T., Kanmuar, Y., Kuriyama, H.,
Sumimoto, K. 1986. A phorbol ester has
dual actions on the mechanical response
in the rabbit mesenteric and porcine
coronary arteries. J. Physiol. 375:515-
34

Forder, J., Scriabine, A., Rasmussen,
H. 1985. Plasma membrane calcium
flux, protein kinase C activation and
smooth muscle contraction. J. Pharma-
col. Exp. Ther. 235:267-73
Danthuluri, N. R., Deth, R. C. 1984.
Phorbol ester-induced conwraction of
arterial smooth muscle and inhibition of
a a-adrenergic response. Biochem. Bio-
phys. Res. Commun. 125:1103-1109
Turla, M. B., Webb, R. C. 1987.
Vascular responsiveness to 5-hydroxy-
trypamine in experimental hypertension.
In The Peripheral Actions of 5-Hydroxy-
tryptamine, ed. J. R. Fozard. Oxford:
Oxford Univ. Press. In press

Baker, P. F., Blaustein, M. P., Hodg-
kin, A. L. Steinhardt, R. A. 1969. The
influence of calcium on sodium efflux in
squid axons. J. Physiol. 200:431-58
Grover, A. K., Kwan, C. Y., Ran-
gachari, P. K., Daniel, E. E. 1983. Na-
Ca exchange in smooth muscle plasma
membrane-enriched fraction. Am. J.
Physiol. 244:C158-C65
David-Dufilho, M., Pernollet, M. G.,
Sang, H. L., Benlian, P., De Mendon-
ca, M., etal. 1986. Active Na* and Ca*
uansport Na*-Ca* exchange, and in-
tracellular Na* and Ca?* content in
young spontaneously hypertensive rats.
J. Cardiovasc. Pharmacol. 8(Suppl.8):
S130-S135

Hermsmeyer, K., Harder, D. 1986.
Membrane ATPase mechanism of K*-
return relaxation in arterial muscle of
stroke-prone SHR and WKY. Am. J.
Physiol. 250:C557-C622

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Matlib, M. A., Schwartz, A., Yamori,
Y. 1985. A Na*-Ca®* exchange process
in isolated sarcolemmal membranes of

- mesenteric arteries from WKY and SHR

rats. Am. J. Physiol. 249:C166-C72
Brading, A. F., Lategan, T. W. 1985.
Na-Ca exchange in vascular smooth
muscle. J. Hypertension 3:109-16
Droogmans, G., Himpens, B., Casteels,
R. 1985. Ca-exchange, Ca-channels and
Ca-antagonists. Experientia 41:895-
900

Sheu, S. S., Blaustein, M. P. 1986.
Sodium/calcium exchange and regula-
tion of cell calcium and contractility in
cardiac muscle, with a note about vascu-
lar smooth muscle. In Heart and Car-
diovascular System, eds. H. A. Fozzard,
E. Haber, R. B. Jennings, A. M. Katz,
H. E. Morgan. pp. 509-35. New York:
Raven

Webb, R. C., Bohr, D. F. 1979. Potas-
sium relaxation of vascular smooth mus-
cle from spontaneously hypertensive
rats. Blood Vessels 16:71-79

Webb, R. C., Cohen, D. M., Bohr, D.
F. 1983. Potassium-induced vascular
relaxation in two kidney-one clip, renal
hypertensive rats. Pfliigers Arch. 396:
72-78

Webb, R. C. 1982. Potassium relaxation
of vascular smooth muscle from DOCA
hypertensive pigs. Hypertension 4:609—
19

Hermsmeyer, K. 1976. Electrogenesis
of increased neorepinephrine sensitivity
of arterial vascular muscle in hyperten-
sion. Circ. Res. 38:362-67

Jones, A. W. 1981. Kinetics of active
sodium transport in aortas from control
and deoxycorticosterone hypertensive
rats. Hypertension 3:631-40

Haddy, F. J. 1983. Abnormalities of
membrane transport in hypertension.
Hypertension 5(Suppl.V):66--72
Poston, L., Sewell, R. B., Wilkinson,
S. P., Richardson, P. J., Williams, R.,
et al. 1981. Evidence for a circulating
sodium transport inhibitor in essential
hypertension. Clin. Res. 282:847--49
Hamlyn, J. M., Ringel, R., Schaeffer,
J., Levinson, P. D., Hamilton, B. P., et
al. 1982. A circulating inhibitor of (Na™
+ K%*) ATPase associated with es-
s%nstial hypertension. Nature 300:650-
5

Gruber, K'. A., Rudel, L. L., Bullock,
B. C. 1982. Increased circulating levels
of an endogenous digoxin-like factor in
hypertensive monkeys. Hypertension 4:
348--54

Haddy, F. J., Pamnani, M. B. 1983.
The role of a humoral sodium-potassium



Annu. Rev. Pharmacol. Toxicol. 1988.28:389-409. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

CELL MEMBRANE IN HYPERTENSION

pump inhibitor in low-renin hyperten-
sion. Fed. Proc. 42:2673-80
Magargal, W. W., Overbeck, H. W.
1986. Effect of hypertensive rat plasma
on ion transport of cultured vascular
smooth muscle. Am. J. Physiol. 251:
H984-H90 ’

Tamuar, H., Hopp, L., Kino, M.,
Tokushige, A., Searle, B. M., et al.
1986. Na*-K* regulation in cultured
vascular smooth muscle cell of the spon-
taneously hypertensive rat. Am. J. Phys-
iol. 250:C939-C47

Hopp, L., Khalil, F., Tamura, H.,
Kino, M., Searle, B. M., et al. 1986.
Ouabain binding to cultured vascular
smooth muscle cells of the spontaneous-
ly hypertensive rat. Am. J. Physiol. 250:
C948-C54

Songu-Mize, E., Bealer, S. L., Cald-
well, R. W. 1983. Effect of an-
teroventral third ventricle lesions on
vascular sodium-pump activity in two-
kidney goldblatt hypertension. Hyper-
tension 5(Suppl.I):89-93

Boon, N. A_, Aronson, J. K., Hallis, K.
F., Raine, A. G., Grahame-Smith, D.
D. G. 1986. An in vivo study of cation
transport in essential hypertension. J.
Hypertension 2(Suppl.3):457-59
Guthe, C. C., Harris, A. L., Thio, B.,
Moreland, R. S., Bohr, D. F. 1983. Red
blood cell sodium in the DOCA
hypertensive pig. .  Hypertension
5(Suppl.V):105-9

Moreland, R. S., Major, T. C., Webb,
R. C. 1986. Contractile responses to
ouabain and K*-free solution in aorta
from hypertensive rats. Am. J. Physiol.
250:H612-H19

Moreland, R. S., Lamb, F. S., Webb,
R. C., Bohr, D. F. 1984. Functional
evidence for increased sodium per-
meability in aortas from DOCA
hypertensive rats. Hypertension
6(Suppl.I):88-94

Myers, J. H., Lamb, F. S., Webb, R. C.
1987. Contractile responses to ouabain
and potassium-free solution in vascular
tissue from renal hypertensive rats. J.
Hypertension 5:161-71

Moura, A. M., Worcel, M. 1984. Direct
action of aldosterone on transmembrane
22Na efflux from arterial smooth muscle.
Hypertension 6:425-30
Gomez-Sanchez, E. P. 1986. In-
tracerebroventricular infusion of aldoste-
rone induces hypertension in rats.
Endocrinology 118:819-23

Little, P. J., Cragoe, E. J., Bobik, A.
1986. Na-H exchange is a major path-

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

409

way for Na influx in rat vascular smooth
muscle. Am. J. Physiol. 251:C707-C12

. Feig, P. U., D’Occhio, M. A., Boylan,

J. W. 1987. Lymphocyte membrane
sodium-proton exchange in spon-
taneously hypertensive rats. Hyperten-
sion 9:282-88

Livne, A., Balfe, J. W., Veitch, R.,
Marquez-Julio, A., Grinstein, S., Roth-
stein, A. 1987. Increased platelet Na-H
exchange rates in essential hypertension:
Application of a novel test. Lancet
40:533-36

Muslin, A. J., Berk, B. C., Alexander,
A. W. 1987. Increased sodium-hydro-
gen exchange and intracellular pH in
spontaneously hypertensive rat vascular
smooth muscle cells. Clin. Res. 35:
445A

Schatzmann, H. J., Luterbacher, S.,
Stieger, J. Wuthrich, A. 1986. Red
blood cell calcium pump and its inhibi-
tion by vanadate and lanthanum. J. Car-
diovasc. Pharmacol. 8(Suppl.8):S33—
S37

Popescu, L. M., Foril, C. P., Hinescu,
M., Panoiu, C., Cinteza, M., Gherasim,
L. 198S. Nitroclycerin stimulates the
sarcolemmal Ca* ¥ -extrusion ATPase of
coronary smooth muscle cells. Biochem.
Pharmacol. 34:1857-60

Popescu, L. M., Panoiu, C., Hinescu,
M., Nuty, O. 1985. The mechanism of
c¢GMP-induced relaxation in vascular
smooth muscle. Eur. J. Pharmacol.
107:393-94

Furukawa, K. 1., Nakamura, H. 1984.
Characterization of the (Ca2*-Mg2?*)
ATPase purified by calmodulin-affinity
chromatography from bovine aortic
srgooth muscle. J. Biochem. 96:1343-
5

Wuytack, F., Raeymaekers, L., Cas-
teels, R. 1985. The Ca-transport
ATPases in smooth muscle. Experientia
41:900--5

Hermsmeyer, K., Kuthe, C. 1984, Cal-
cium antagonists and excitation of the
vascular muscle membrane. J. Car-
diovasc, Pharmacol. 6(Suppl.7):S933—
S36

Kwan, C. Y., Belbeck, L., Daniel, E.
E. 1979. Abnormal biochemistry of
vascular smooth muscle plasma mem-
brane as an important factor in the initia-
tion and maintenance of hypertension in
rats. Blood Vessels 16:259-68
Postnov, Y. V., Orlov, S. N. 1984. Cell
membrane alteration as a source of pri-
mar)('S hypertension. J. Hypertension
2:



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



